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ABSTRACT 

T h i s  r e p o r t  has  been prepared a s  p a r t  o f  Bellcornm, 
I n c .  p a r t i c i p a t i o n  i n  t h e  a c t i v i t i e s  of t h e  Guidance Software 
Cont ro l  Panel of t h e  Manned Spacec ra f t  Center .  It examines 
e n t r y  from E a r t h  o r b i t a l  speeds from t h e  p o i n t  o f  view of es- 
t a b l i s h i n g t h e  v a r i a t i o n s  i n  i n i t i a l  cond i t ions ,  i n d i c a t i o n  e r r o r s ,  
i n e r t i a l  measuring u n i t  e r r o r s ,  l i f t  t o  d rag  r a t i o  (L/D),  and 
environmental  f a c t o r s  which can s u c c e s s f u l l y  be  handled by t h e  
e n t r y  guidance.  A d e s c r i p t i o n  o f  e n t r y  guidance i s  inc luded  
as a r e  d i s c u s s i o n  of t h e  var ious  coord ina te  systems used,  p l a t -  
form al ignment  formulas  and t h e  e f f e c t s  of t h e  n a t u r a l  quant i -  
z a t i o n  of acce lerometer  ou tpu t s  on naviga t ion  accuracy .  

The conclus ions  r e s u l t i n g  from t h e  s tudy  inc lude :  

1. The f l i g h t  pa th  angle  a t  e n t r y  and the  L/D r a t i o  a r e  
t h e  most s i g n i f i c a n t  f a c t o r s  i n  e n t r y  success .  A t  
L/D = 0.357 ( o l d  nominal),  and nominal f l i g h t  path 
ang le  o f  -1.478", t h e  SPS d e o r b i t  margins i n  f l i g h t  
pa th  ang le  a r e  +0.72",( to  t h e  undershoot  boundary) and 
-0.43", ( t o  t h e  overshoot  boundary) .  A t  L/D = 0.28 
(new nominal)  t h e  margins a r e  +0.25" and -0.40". 
L/D = 0.24 ( 3 a  low) they  a r e  0.07" and -0.40". With l o  
as 0.057", the  low L/D undershoot  margin i s  t o o  small, 
and t h e  f l i g h t  pa th  angle  should be a d j u s t e d .  It 
seems more d e s i r a b l e ,  however, t o  reduce  t h e  range t o  
some 1800 NM and s teepen  t h e  f l i g h t  pa th  a n g l e  t o  about  
1.48", g e t t i n g  margins of about  +0.30", which should be 
safe.  
g i n s  improve i f  L/D inc reases .  

A t  

If planning  i s  done us ing  L/D = 0.24, t hen  mar- 

RCS d e o r b i t  margins are +0.35", -0.20" f o r  
L/D = 0.357; are +0.15", -0.20" for L/D = 0.28; and a r e  
+O.O5" ,  -0.15" f o r  L/D = 0.24. (1.0 for f l i g h t  pa th  ang le  
i s  h e r e  about  0 .015") .  Decreasing t h e  range i s  not  of 
s i g n i f i c a n t  he lp ,  s o  t h e  f l i g h t  p a t h  ang le  should be 
made less s t e e p  t o  balance t h e  margins .  Again, use of 
0.24 L/D i n  p lanning  i s  d e s i r a b l e .  

2 .  I n e r t i a l  Measuring U n i t  ( I M U )  e r r o r s  cause a CEP o f  
1.30 NM for t h e  SPS d e o r b i t  and 1.39 NM f o r  t h e  RCS 
d e o r b i t ,  provided t h e  I M U  acce lerometers  are no t  used 
for nav iga t ion  dur ing  t h e  f ree  f a l l  a f t e r  r e t r o f i r e  and 
before  a tmospheric  e n t r y .  If t h e  acce lerometers  a r e  
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used, t h e  CEPts  become 2.95 NM (SPS) and 11.7 NM (RCS). 
The crew may e s t a b l i s h  t h e  IMU a t t i t u d e  as  much a s  1 
hour  be fo re  r e t r o f i r e  without  s i g n i f i c a n t  e f f e c t  on 
t h e  CEP's. 

3. 

4. 

Guidance accuracy i s  i n s e n s i t i v e  t o  l i f t  o r i e n t a t i o n  
e r r o r s  ( i n  roll) of  ?35", t o  r o l l  a c c e l e r a t i o n  reduc- 
t i o n s  t o  2'/sec2 (about 40% of t h e  c a p a b i l i t y  of one 
s e t  of t h r u s t e r s  , t o  roll r a t e  l i m i t s  of 5"/sec 
(15"/sec nominal I , t o  weight v a r i a t i o n s  o f  f 20%, t o  
winds of  300 knots  from any d i r e c t i o n ,  and t o  a tmospheric  
d e n s i t y  v a r i a t i o n s  o f  +20$, I n  p a r t i c u l a r ,  manual con- 
t r o l  o f  r o l l  o r i e n t a t i o n  should be q u i t e  f e a s i b l e .  

P o s i t i o n  and v e l o c i t y  update  e r r o r s  have n e g l i g i b l e  e f -  
f e c t  on l and ing  accuracy. 
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CAPABILITIES OF THE ENTRY GUIDANCE 
EQUATIONS FOR EARTH ORBITAL SPEED ENTRY 

1 .0  I n t r o d u c t i o n  

This r e p o r t  has  been prepared  a s  p a r t  o f  Bellcomm, 
Inc . ,  p a r t i c i p a t i o n  i n  t h e  a c t i v i t i e s  of  t h e  Guidance Software 
Control  Panel of  t h e  NASA Manned Spacec ra f t  Center .  Like a 
s i m i l a r  r e p o r t  f o r  Mission AS-202, i t  examines t h e  e n t r y  guidance 
equa t ions  from two viewpoints .  One i s  t h e  de te rmina t ion  of t h e  
t o l e r a b l e  range of  cond i t ions  and hardware e r r o r s  over  which 
guidance accuracy of 20 NM or l e s s  can be maintained.  The o t h e r ,  
which i s  b r i e f  because the  guidance i s  s imple ,  i s  t o  d i s c u s s  t h e  
guidance equa t ions  themselves,  showing why t h e  e n t r y  t r a j e c t o r y  i s  
as i t  i s .  

Because of t h e  low L/D exper ienced  i n  AS-202, t h i s  r e p o r t  
g i v e s  s p e c i a l  a t t e n t i o n  t o  the e f f e c t s  of L/D v a r i a t i o n s .  Because 
an RCS d e o r b i t  i s  in tended  as a backup t o  t h e  nominal SPS d e o r b i t ,  
both t r a j e c t o r i e s  are considered. And because i n - f l i g h t  a l ignment  

t e n t i o n  i s  pa id  i n  Appendix A t o  r e l a t i o n s h i p s  between t h e  va r ious  
coord ina te  systems used.  

- Q  CL., T,..,-c:..~ nn-..-..-.a-- T T - ~ C  a -  --.----ii-- - - - - - t - i  - L  
V I  V ~ ~ r  A L L ~ A  VIUI I.ACIUYUA r r r b  U A A - L V  IU ~ L L L L I  u ~ s y  I G ~ U S L G U ,  o p c ~ , s a s  a u -  

T h i s  r e p o r t  i s  not  p r i m a r i l y  concerned wi th  d i s p e r s i o n s  
o r  w i t h  the CEP a t  t h e  landing p o i n t .  That t o p i c  i s  covered i n  
a r e p o r t  i s s u e d  by  MIT/IL [ 2 1  and by an MSC Study [ 211. However, 
a l l  t h r e e  s t u d i e s  suggest  t h a t  t he  10 NM CEP requirement  f o r  e n t r y  
accuracy  w i l l  be m e t .  

The nominal t r a j e c t o r y  used i n  t h i s  r e p o r t  i s  t h e  AS-204 
Opera t iona l  T r a j e c t o r y  [ 3 3 ,  which i s  a l s o  t h e  source of much of  
t h e  d a t a .  It i s  cons idered  t o  be a t y p i c a l  e a r t h  o r b i t  e n t r y .  

The guidance equat ions were taken  f rom t h e  G&N System 
Opera t ions  Plan (GSOP) [ 1 3 b u t  were c o r r e c t e d  t o  agree  w i t h  t h e  
f l i g h t  computer program l i s t i n g  [ 8 3 . Computer s imula t ion  
work was conducted a t  Bellcomm, Inc .  u s ing  two d i f f e r e n t  computer 
programs (See Appendix D ) .  

T h i s  r e p o r t  begins  with a d e s c r i p t i o n  of  t he  nominal 
e n t r y  t r a j e c t o r y .  The e f f e c t s  o f  p o s i t i o n  and v e l o c i t y  v a r i a t i o n s  
and u n c e r t a i n t i e s  on guidance accuracy  a r e  then  examined fo l lowed 
by a d i s c u s s i o n  of t h e  e f f e c t s  o f  I n e r t i a l  Measuring Unit  e r r o r s .  
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Then d i s c u s s i o n s  a r e  g iven  on the  e f f e c t s  o f  L/D v a r i a t i o n s ,  
of v a r i a t i o n  of o t h e r  s p a c e c r a f t  parameters ,  and of  v a r i a t i o n s  
i n  envi ronmenta l  f a c t o r s .  These form t h e  f i r s t  p a r t  o f  t h e  r e -  
p o r t .  The second, and b r i e f e r  p a r t  of  t h e  r e p o r t  d i s c u s s e s  t h e  
guidance equa t ions .  
e n t r y  guidance equat ions ,  s u f f i c i e n t  because the e n t r y  speed i s  
r e l a t i v e l y  low ( c i r c u l a r  speed as opposed t o  pa rabo l i c  speed) .  
The conclus ions  of t h i s  r e p o r t  a r e  a p p l i c a b l e  only  f o r  e a r t h  o r b i t  
e n t r i e s ,  and o t h e r  work i s  r equ i r ed  f o r  t h e  LOR miss ion  equa t ions .  

They a r e  a smal l  exce rp t  from t h e  high speed 

2.0 AS-204 Entry  Desc r ip t ion  

This s e c t i o n  desc r ibes  both  the  SPS and RCS d e o r b i t  
e n t r i e s  f o r  Mission AS-204. 
d e o r b i t  used as backup. 

SPS d e o r b i t  i s  t h e  nominal, w i t h  R C S  

2.1 SPS Deorbi t  Entry Descr ip t ion  

The nominal e n t r y  f o r  e a r t h  o r b i t a l  missions i s  i n i t i -  
a t e d  b y  a Serv ice  Propuls ion System (SPS) d e o r b i t  burn,  fo l lowing  
which t h e  v e h i c l e  i s  pos i t i oned  i n  an aerodynamical ly  t r i m  condi- 
t i o n  w i t h  f u l l  l i f t  up. 
t uae  or- 4uu,uuu I-eet, t n e  venic ie  i n e r c i a i  v e l o c i t y  is z p , ( p i i  r-eer; 
p e r  second a t  a f l i g h t - p a t h  angle  o f  91.48" below the r a d i u s  vec- 
t o r .  Heading i s  79.47" E r e l a t i v e  t o  t r u e  n o r t h .  The e n t r y  po in t  
i s  a t  31.18" N geode t i c  l a t i t u d e  and 97.84" W long i tude .  
c o o r d i n a t e s  f o r  parachute  opening ( a t  23,500 f e e t  a l t i t u d e )  a r e  
60" W l ong i tude  and 31.01" N l a t i t u d e ,  2064 NM from the  e n t r y  p o i n t .  

For AS-204 a t  t h e  e n t r y  i n t e r f a c e  a l t i -  

Target  

Guidance accuracy i s  achieved by  r o l l i n g  t h e  CM t o  put  
t h e  l i f t  v e c t o r  i n  the  proper  d i r e c t i o n .  Both downrange and l a t -  
e r a l  range a r e  c o n t r o l l e d  s imultaneously i n  t h i s  way. 

The gene ra l  s t r u c t u r e  of t h e  guidance scheme may be de- 
s c r i b e d  by r e f e r r i n g  t o  Figure l .  Based upon updated i n i t i a l  con- 
d i t i o n s  and t h e  ou tpu t s  o f  on-board i n t e g r a t i n g  acce lerometer ,  
v e h i c l e  p o s i t i o n  and v e l o c i t y  (R ,V)  a r e  determined i n  t h e  naviga-  
t i o n  b lock .  Targe t ing  encompasses t h e  computations o f  range-to-go 
and t h e  p r e d i c t e d  l a t e r a l  miss. The downrange l o g i c  invo lves  
f l y i n g  a b a l l i s t i c  t r a j e c t o r y  u n t i l ,  as determined b y  f i rs t  occur-  
rence  of a s p e c i f i c  aerodynamic d e c e l e r a t i o n ,  t h e  veh ic l e  p e n e t r a t e s  
t h e  atmosphere.  The v e h i c l e  then f l i e s  a long a s t o r e d  r e f e r e n c e  
t r a j e c t o r y  t o  t h e  t a r g e t .  During the  atmospheric  p o r t i o n  of t h e  
f l i g h t ,  the  commanded l i f t  needed t o  meet t h e  range i s  monitored 
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by a c c e l e r a t i o n  c o n t r o l  l o g i c ,  This l o g i c  compares v e h i c l e  
a l t i t u d e  ra te  wi th  a computed a l t i t u d e  r a t e  which would r e s u l t  
i n  excess ive  d e c e l e r a t i o n .  If t h e  r a t e  of descent  exceeds t h e  
computed bound, t h e  range log ic  l i f t  i s  superceded by a f u l l  
l i f t  up command. 

The l i f t  command i s  a l s o  f i l t e r e d  through t h e  l a t e r a l  
l o g i c .  Here t h e  f u n c t i o n  i s  t o  r e f l e c t  t h e  commanded r o l l  angle  
about t h e  v e r t i c a l  when necessary ,  i n  a manner which keeps the  
p r e d i c t e d  l a t e r a l  m i s s  w i th in  acceptab le  bounds. The computer 

e n e r a t e s  a q u a n t i t y  c a l l e d  Y, which i s  a conse rva t ive  e s t i m a t e  
$Y < 40 NM) of t h e  remaining l a t e r a l  range c a p a b i l i t y  of t h e  CM. 
If f u l l  l i f t  up o r  down i s  r equ i r ed  f o r  range c o n t r o l ,  then la t -  
e r a l  c o n t r o l  i s  permi t ted  only t o  the e x t e n t  of  215" r o t a t i o n  of 
the l i f t  from f u l l  up o r  down. Rota t ion  i s  r eve r sed  when t h e  pre- 
d i c t e d  l a t e r a l  m i s s  exceeds Y/2. If f u l l  l i f t ,  up o r  down, i s  
not  r e q u i r e d ,  then  t h e  r o l l  command changes s i g n  when t h e  p r e d i c t e d  
l a t e r a l  m i s s  exceeds Y. 

Figure 2 shows the  SPS d e o r b i t  e n t r y  t r a j e c t o r y  r e l a t i v e  
t o  t h e  e a r t h  beginning  a t  t he  e n t r y  po in t  (400,000 f t .  a l t i t u d e ) .  
F igure  3 shows a l t i t u d e  and i n e r t i a l  v e l o c i t y  v s .  t ime.  A l t i t u d e  
a ; w a ~ ~  G C G L - ~ ~ S ~ S ,  ~ K I C ~  ai, a i a i r i y  uniiorm r a c e .  'mis a i r r e r s  
from what w i l l  occur  a t  h ighe r  speeds,  f o r  then  an i n c r e a s e  i n  a l -  
t i t u d e  ( a b a l l i s t i c  sk ip ,  ou t  o f  t h e  s e n s i b l e  a tmosphere)  i s  an 
i n t e g r a l  p a r t  o f  t h e  guided t r a j e c t o r y .  Here t h e  v e l o c i t y  i s  ap- 
proximate ly  c i r c u l a r  and t h e r e  is no s k i p .  

Figure 4 shows the  r o l l  angle  h i s t o r y  and i n c l u d e s  t h e  
l a t e r a l  m i s s  and t h e  c r i t e r i a  Y which determines r o l l  r i g h t  o r  l e f t .  
L i f t  i s  up dur ing  t h e  i n i t i a l  phase of  e n t r y  and f o r  some 72 seconds 
i n t o  t h e  f i n a l  phase.  Then t h e  range p r e d i c t i o n  i s  s a t i s f a c t o r y  
and l a t e r a l  c o n t r o l  comes i n t o  a c t i o n .  The CM r o l l s  l e f t  then  
r i g h t  f o u r  times while  a d j u s t i n g  t h e  l a t e r a l  miss and keeping t h e  
range under  c o n t r o l .  Low angular  r a t e s  can be used:  The r o l l  
should  be smooth f o r  t h e  crew. The m i s s  i s  less than  0.5 NM. 

Figure 5 shows t h e  hea t ing  h i s t o r y  f o r  the  e n t r y .  A s  
i s  d i scussed  l a t e r ,  h e a t i n g  i s  s l i g h t  compared w i t h  t h e  hea t  s h i e l d  
c a p a b i l i t i e s .  

Figure 6 shows t h e  d e c e l e r a t i o n  h i s t o r y .  A t  3 .16 g maxi- 
mum, t h e  d e c e l e r a t i o n  i s  we l l  w i th in  the 10 g maximum requirement .  
Peak g l s  occur  when the CM i s  238 NM 'from t h e  t a r g e t ,  a t  163,145 f t .  

F igures  7 and 8 show a l t i t u d e  v s .  i n e r t i a l  v e l o c i t y  and 
range-to-go vs .  i n e r t i a l  v e l o c i t y  r e s p e c t i v e l y  and a r e  t r a d i t i o n a l  
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graphs i n  d i s c u s s i n g  e n t r y  guidance.  Note t h a t  most of t h e  
range i s  covered a t  high v e l o c i t y  and a l t i t u d e .  A t  t h e  lower 
v e l o c i t i e s  e a r t h  o r b i t a l  missions use,  t h e  f i n a l  descent  i s  not  
dramatic ,  bu t  the gene ra l  t r e n d  of  e n t r y  t r a j e c t o r i e s  i s  sugges ted  
by t h i s  graph.  

2.2,.RCS Deorbi t  Entry Descr ip t ion  

Should t h e  SPS engine f a i l  t o  i g n i t e  f o r  i t s  deboost  

I n  a d d i t i o n  t o  the  postponement o f  approximately 
burn,  t h e  s p a c e c r a f t  makes one more o r b i t  and t h e n  r e t r o f i r e s  t h e  
R C S  engines .  
92 minutes  i n  reaching  e n t r y  a l t i t u d e ,  t h e r e  a r e  a number o f  o t h e r  
changes i n  t h e  e n t r y  t r a j e c t o r y .  Tne v e h i c l e  i s  o r i e n t e d  f o r  a 
180" r o l l  ( l i f t  down) p r i o r  t o  reaching  t h e  400,000 f o o t  a l t i t u d e ,  
e n t r y  s tar ts  f u r t h e r  west a t  a l ong i tude  o f  -106.16" and a t  32.65" 
N l a t i t u d e ,  t h e  e n t r y  v e l o c i t y  i s  25830.5, 72.5 f p s  greater than  
f o r  SPS deboost  and t h e  f l i g h t  path angle  i s  more shal low: 
-0.934" vs .  -1.678" f o r  t h e  SPS e n t r y .  
87.53O wi th  r e s p e c t  t o  North. 
t o  -57.65' longi tude  and 23.75" l a t i t u d e .  
change i n  i n i t i a l  range-to-go from 2064 NM ( f o r  SPS deboos t )  t o  

The i n i t i a l  heading  i s  
Target  coord ina te s  a r e  a l s o  changed 

T h i s  corresponds t o  a 

2767 NM. 

Figure 9 shows t h e  t r a j e c t o r y  r e l a t i v e  t o  t h e  e a r t h .  
L i f t  i s  down when the s p a c e c r a f t  passes  t h e  400,000 f o o t  i n t e r f a c e  
(t = 0 s e c )  and remains so  u n t i l  t h e  aerodynamic a c c e l e r a t i o n  b u i l d s  
up t o  6.5 fps2  
of Oo ( f u l l  l i f t  u p ) ,  and then  modulates t h e  roll commands, s o  a s  
t o  f l y  a long a s t o r e d  r e fe rence  t r a j e c t o r y ,  i n  o r d e r  t o  reach  the  
l and ing  s i t e .  Nominal drogue parachute  deployment occurs  880 sec- 
onds a f t e r  t h e  s t a r t  of e n t r y  a t  an a l t i t u d e  o f  23,500 f e e t  w i t h  
the v e h i c l e  l e s s  than  0 .6  NM from the t a r g e t .  

a t  378 seconds.  The guidance f i r s t  commands a roll 

3.0 Limi t ing  Condit ions For Guidance Accuracy 

3 . 1  E f f e c t  of P o s i t i o n  Var i a t ions  on SPS Deorbi t  F o o t p r i n t s  

T h i s  s e c t i o n  cons iders  t h e  e f f e c t s  of p o s i t i o n  v a r i a t i o n s  
from nominal a t  the  e n t r y  a l t i t u d e  upon t h e  accuracy o f  l and ing  
a t  t h e  t a r g e t .  P e r f e c t  nav iga t ion  d a t a  a t  t he  s t a r t  o f  e n t r y  and 
nominal L/D a r e  assumed. 

Figure 10 shows t h e  two curves which a r e  used t o  i l l u s -  
t r a t e  t h e  above e f f e c t s .  The o u t e r  curve i s  the convent iona l  un- 
guided  f o o t p r i n t .  It i s  t h e  locus of  s p a c e c r a f t  t e rmina l  p o i n t s  
when t h e  roll i s  h e l d  f i x e d  a t  t h e  values  marked. The i n n e r  curve 
shows tha t  p a r t  of the f o o t p r i n t  i n  which t h e  t a r g e t  can be l o c a t e d  



BELLCOMM, I N C .  - 5 -  

and reached  b y  t h e  CM with a miss o f  20 NM o r  l e s s .  Except 
a t  t h e  s h o r t e s t  ranges,  t h e  two curves a r e  e s s e n t i a l l y  iden-  
t i c a l .  These curves a r e  thus  an i n d i r e c t  approach t o  f i n d i n g  
t h e  e f f e c t  o f  p o s i t i o n  v a r i a t i o n s  a t  e n t r y .  By showing where 
the  CM could go, g iven  nominal e n t r y  cond i t ions ,  t h e y  i m p l y  
where i t  could come from t o  reach t h e  t a r g e t .  

The CEP s p e c i f i e d  i n  t h e  g e n e r a l  Apollo Program 
S p e c i f i c a t i o n  C6 1 i s  10 NM, i . e . ,  50 $ o f  t h e  f l i g h t s  should 
m i s s  by l e s s  t h a n  10 NM. Using 20 NM i s  an a r b i t r a r y  choice of 
t h e  a u t h o r s  of t h i s  r e p o r t  as a conserva t ive  c r i t e r i o n  f o r  ac- 
c u r a t e  guidance.  

The unguided f o o t p r i n t  extends from 1362 NM t o  2601 NM 
f rom the  e n t r y  po in t .  The accu ra t e  guidance r eg ion  ex tends  f rom 
1511 NM t o  t h e  f u l l  e x t e n t  of the unguided range (2601 N M ) ,  and 
i s  +log NM wide a t  i t s  broadest  po in t .  The gene ra l  Apollo Pro- 
gram S p e c i f i c a t i o n  [ 6 ] r e q u i r e s  1500 NM t o  2500 NM, which i s  
e s s e n t i a l l y  met under  the nominal AS-204 e n t r y  cond i t ions ,  a l -  
though t h e  requirement  was de le t ed  f o r  AS-204. It i s  s t r e s s e d  
t h a t  t h e s e  curves apply only f o r  the i n i t i a l  p o s i t i o n  and veloc- 

t h a t  t h e  t a r g e t  w i l l  be changed j u s t  p r i o r  t o  e n t r y ,  t h e  guided 
f o o t p r i n t  shows t h e  boundary wi th in  which t h i s  can be done. 

- - ~  i t v  e n n i l i t i n n s  z t  +he s t ? - r t  nf pnt .yy-  Inkil~ f t .  i . 4  i i n l i l r p l y  

The above d i scuss ion  was based upon t h e  e n t r y  po in t  
i n e r t i a l  v e l o c i t y  remaining unchanged. Consider  now v e l o c i t y  
v a r i a t i o n s  from t h i s  nominal value.  I n d i c a t i o n  e r r o r s  a r e  a s -  
sumed zero ,  i . e . ,  t h e  ground has p e r f e c t l y  updated t h e  p o s i t i o n  
and v e l o c i t y  e s t i m a t e s  i n  t h e  G&N sys tems.  The p o s i t i o n  at 
e n t r y  i s  taken  as nominal as is  t h e  L/D r a t i o  (0.357). 

Figures  11, 12, and 13 a r e  of i n t e r e s t .  Figure 11 
shows f l i g h t  pa th  angle  and v e l o c i t y  magnitude e f f e c t s ,  con- 
s i d e r i n g  azimuth as nominal. The upper  curve i s  t h e  overshoot  
boundary, t h e  lower the  undershoot boundary. 

At t h e  nominal SPS d e o r b i t  e n t r y  v e l o c i t y  o f  25,758 
f p s ,  t h e  minimum t o l e r a b l e  angle  i s  -1.05" where t h e  nominal i s  
-1.478". This r e p r e s e n t s  a v a r i a t i o n  193 f p s  up. Reference 21 
g i v e s  a la value on t h e  order  of 2.6 f p s ,  so 193 f p s  i s  74.3~~. 
The numbers sugges t  t ha t  overshoot  i s  no t  a problem. 

The lower curve i n  Figure 11 shows t h e  boundary be- 
nea th  which t h e  CM w i l l  f a l l  s h o r t  of i t s  t a r g e t .  The c r i t i c a l  f l i g h t  
pa th  ang le  i s  -2.2", an un l ike ly  v a r i a t i o n  of -325 f p s  (125 a ) .  
T h i s  lower boundary i s  not  a 10 g boundary, which i s  much f u r t h e r  
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wn. Dece lera t ion  c o n s i d e r a t i o n s  a r e  d i s -  
cussed  i n  Sec t ion  3.6. 

Figure 12 shows azimuth and v e l o c i t y  magnitude e f f e c t s  
consi-der ing f l i g h t  pa th  ang le  as nominal. A t  nominal v e l o c i t y ,  
a l a r g e  range of azimuths can be t o l e r a t e d ,  between 76.5" and 82.8" 
wi th  79.469O a s  nominal. Since one degree of azimuth r e p r e s e n t s  
approximate ly  450 f p s  l a t e r a l l y ,  these l i m i t s  are some 1350 f p s  
l e f t  and 2800 f p s  t o  t h e  r i g h t .  Reference [ 211 g ives  approxi-  
mate ly  4.7 f p s  as l a  . 

Figure 13 completes the  d i s c u s s i o n  showing the  f l i g h t  
pa th  ang le  and azimuth e f f e c t s  f o r  nominal v e l o c i t y  magnitude. 

Assuming t h a t  t h e  u n c e r t a i n t i e s  a r e  even roughly c o r r e c t  
and t ha t  t h e  L/D i s  nominal (0 .357) ,  t h e s e  curves  i n d i c a t e  t h a t  
t h e  s p a c e c r a f t  should experience no d i f f i c u l t y ,  f rom t h e s e  cons id -  
e r a t i o n s ,  i n  h i t t i n g  t h e  t a r g e t  s i t e .  Sec t ion  3.5 d i s c u s s e s  t h e  
e f f e c t  o f  L/D v a r i a t i o n  from nominal. 

3.2 E f f e c t s  o f  P o s i t i o n  Var i a t ions  on R C S  Deorbi t  F o o t p r i n t s  

from nominal a t  t h e  e n t r y  a l t i t u d e  upon t h e  a b i l i t y  of t h e  space- 
c r a f t  t o  land a t  the  des igna ted  t a r g e t  assuming an  RCS deboost .  
Figure 14  shows t h e  guided and unguided f o o t p r i n t s  which a r e  used 
t o  d e p i c t  t h i s  c a p a b i l i t y .  

'I'his s e c t i o n  cons i ae r s  cne er-r-ects or- p o s i t i o n  variations 

The guided f o o t p r i n t  extends from 2,030 NM t o  3,165 NM 
and i s  approximately +111 NM wide. 
based upon t h e  f i g u r e  and upon d a t a  ob ta ined  while  gene ra t ing  t h e  
cu rves .  

Seve ra l  p o i n t s  may be made 

With t h e  RCS d e o r b i t ,  which i s  a backup mode, t he  e n t r y  
guidance s t i l l  ach ieves  bet ter  than  1000 NM range span i n  meet ing 
l and ing  po in t  accuracy  requirements  (10 N M ) .  A shal low e n t r y  
f l i g h t  p a t h  angle  (-0.934") precludes meeting t h e  g e n e r a l  accuracy  
s p e c i f i c a t i o n  i n  t h e  1500 to 2030 NM range .  

The h e e l  of t h e  guided e n t r y  locus  i s  a l s o  t h e  10G 
a c c e l e r a t i o n  boundary. Targets l o c a t e d  nearby produce t r a j e c t o r i e s  
with peak a c c e l e r a t i o n s  of 9 t o  11 g. 

It was somewhat unexpected t o  f i n d  t h e  guided locus  out -  
s i d e  t h e  unguided locus .  A n  explana t ion  i s  d i f f i c u l t  t o  g ive  
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wi thout  de ta i led  comparison of guided and unguided t r a j e c t o r i e s  
t o  p o i n t s  i n  t h i s  shcrt  range  r eg ion ,  b u t  b a s i c a l l y  t he  addi- 
t i o n a l  l a t e ra l  c a p a b i l i t y  i s  due t o  b e t t e r  c o n t r o l  of  a l t i t u d e  
and t i m e  o f  f l i g h t  when guidance i s  used .  When t h e  t r a j e c t o r y  
i s  guided,  t h e  i n i t i a l  r o l l  i s  about 180" and t h e  CM e n t e r s  t h e  
t h e  s e n s i b l e  atmosphere somewhat sooner .  But then ,  i n s t e a d  of 
p e r m i t t i n g  an  unchecked descent ,  t h e  guidance uses  l e s s  l i f t  
down, t h e  b e t t e r  t o  s u s t a i n  the  a l t i t u d e ,  and l i f t s  t o  t h e  s ide  
t o  make the  necessary  t u r n .  Thus guidance makes more time avai l -  
a b l e  wi th  u s e f u l  l e v e l s  of l i f t ,  and the reby  g a i n s  a d d i t i o n a l  
l a t e r a l  c a p a b i l i t y .  

3.3 E f f e c t  of P o s i t i o n  and Veloc i ty  I n d i c a t i o n  E r r o r s  

The d u r a t i o n  o f  E a r t h  o r b i t a l  miss ions  i s  g e n e r a l l y  
so  long  tha t  t h e  ground must supply p o s i t i o n  and v e l o c i t y  data 
t o  t h e  G&N s y s t e m  p r i o r  t o  d e o r b i t .  This d a t a  i s  de r ived  from 
t h e  MSFN t r a c k i n g  network, w i t h  la, a c c u r a c i e s  of about  1000 f t .  
and 0.8 f p s  i n  each a x i s  [4] . I n  t h i s  s e c t i o n ,  t h e  e f f e c t s  o f  
these e r r o r s  are d i scussed .  The a c t u a l  t r a j e c t o r y  a t  d e o r b i t  i s  
assumed t o  be nominal and the  e s t i m a t e  s u p p l i e d  t o  t h e  G&N system 
t o  be i n  e r r o r .  

Table 1 shows t h e  r e s u l t s  f o r  t h e  SPS d e o r b i t  a t  30 
1evel . s .  The downrange and crossrange  d a t a  a r e  t h e  changes i n  t h e  
a c t u a l  misses caused by t h e  i n d i c a t i o n  e r r o r s  no ted .  They are 
s m a l l .  The e r r o r  i n  i n d i c a t e d  a l t i t u d e  i s  a l s o  given:  i t  i s  
l a r g e  enough t o  j u s t i f y  t h e  use o f  barometr ic  dev ices  t o  measure 
a l t i t u d e  and c o n t r o l  parachute  deployment d u r i n g  t h e  descen t ,  a s  
i s  a c t u a l l y  done. 

Add i t iona l  a n a l y s i s  shows t h a t  e r r o r s  greater  than  2 0 a  
v a l u e s  are  r e q u i r e d  b e f o r e  t h e  m i s s  beg ins  t o  exceed 20 NM. 

Table 2 g i v e s  t h e  r e s u l t s  f o r  RCS d e o r b i t .  The errop's 
are  l a r g e r ,  because the  descent  takes longer ,  b u t  a r e  s t i l l  t o l -  
erable.  E r r o r s  g r e a t e r  t h a n  100 are r e q u i r e d  t o  cause misses  
ove r  20 NM. 

A l l  of  these miss d a t a  are i n h e r e n t l y  u n c e r t a i n  t o  about  
1 NM. This i s  because the e n t r y  guidance has a n  i n h e r e n t  dead 
zone of about  t ha t  s i z e  about  the  t a r g e t ,  i . e . ,  i t  does n o t  a t t empt  
t o  g e t  any c l o s e r  t han  about  1 NM t o  t h e  t a r g e t ,  p a r t i c u l a r l y  i n  
the c ross range  d i r e c t i o n .  Even small p e r t u r b a t i o n s  i n  c o n d i t i o n s  
can cause  the miss t o  change from, say  +0.4 NM t o  -0.4 NM: bo th  
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Indication 
Error (3a) 

TABLE 1 

Effect of Position and Velocity Indication E r r o r s  - SPS Deorbit 

Downrange 
Posit ion 
3000 Ft. 

Crossrange 
Position 
3000 Ft. 

Altitude 
3000 Ft. 

Downrange 
T T - 1  n - 4  c1, 
" - - L " V A y J  

2.4 fps 

Crossrange 
Velocity 
2.4 fps 

Altitude 
Rat e 
2.4 fps 

RSS Effect 
(30 )  

Downrange 
Miss NM 

-1.0 

-0 35 

-1.77 

-0.13 

0.12 

-1.18 

2.38 

Crossrange 
Miss NM 

-0.28 

-0.38 

-0.60 

-0.33 

0.07 

-0.36 

0 . 9 0  

Altitude 
Indication 
Error - Feet 

3644 

-447 

9074 

5461 

-457 

2850 

11575 
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TABLE 2 

E f f e c t s  o f  P o s i t i o n  and Veloc i ty  I n d i c a t i o n  E r r o r s  - RCS Deorbi t  

A l t i t u d e  
I n d i c a t i o n  Downrange Crossrange I n d i c a t i o n  
E r r o r  ( 30) Miss NM Miss NM E r r o r  - Fee t  

Downrange 
P o s i t  i o n  
3000 F t .  

Crossrange 
P o s i t i o n  
3000  F t .  

A l t i t u d e  
3000 F t .  

Downrange 
Ve  1 o c i t y 
2.4 f p s  

Cros s r ange  
Ve loc i ty  
2.4 f p s  

A l t i t u d e  
Rat e 
2.4 f p s  

RSS E f f e c t  
(30)  

-1.20 -0.65 

0.08 -0.37 

-3 .71  

- 2 . 6 1  

-0 .20 

-1.10 

4.82 

-1 .87  

-1.09 

0.11 

-0.61 

2.37 

2,470 

-558 

14,859 

1 1 , 6 9 0  

-602 

2,079 

1 9 , 1 9 8  
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ry,  and which woulc 
a c t u a l  e n t r y  i s  impossible  t o  p r e d i c t .  

3.4 I n e r t i a l  Measuring Unit E f f e c t s  

be the  case  i n  an 

The I n e r t i a l  Measuring Unit  ( I M U )  i n  t h e  CM i s  
a l i g n e d  be fo re  SPS r e t r o f i r e  s o  t h a t  t h e  F l i g h t  D i r e c t o r  A t t i -  
tude I n d i c a t o r  (FDAI) r eads  Oo, 0" a t  r e t r o f i r e ,  which a i d s  
manual moni tor ing  or c o n t r o l  of  t h e  burn.  Appendix A d i s c u s s e s  
a l ignment  (and o t h e r  r e l a t e d  f a c t o r s )  i n  g r e a t  d e t a i l .  B r i e f l y ,  
t h e  IMU Y a x i s  i s  normal t o  t he  o r b i t  plane,  and t h e  ?I and Z 
axes a r e  i n  t h e  o r b i t  plane,  except  f o r  compensations f o r  t h e  
engine t h r u s t  misal ignment .  A t  SPS r e t r o f i r e ,  t h e  X a x i s  i s  
about  40" from t h e  r a d i u s  vec tor ,  po in ted  up and forward.  At 
t h e  e n t r y  p o i n t ,  i t  i s  17.8" f rom t h e  r a d i u s  vec to r  and t o  t h e  
r e a r ,  and a t  t h e  end o f  en t ry  i t  i s  about  52.6" t o  t h e  r e a r  of 
t h e  r a d i u s  vec to r .  

Alignment procedures are completed wel l  be fo re  r e t r o -  
f i r e .  
i n e r t i a l  mode some 15 minutes be fo re  r e t r o f i r e .  Because t h i s  
p u t s  some p r e s s u r e  on the  crew, a per iod  of 60 minutes  was a l s o  
cons idered  i n  the p resen t  study: there were n e g l i g i b l e  d i f f e r -  
ences  i n  t h e  r e s u l t s .  

MIT/IL assumes t h e  procedure completed and t h e  IMU i n  

The e r r o r  sources  used  were those  g iven  i n  t h e  GSOP E21 
and tests were conducted a t  the 3 a  l e v e l .  The r e s u l t s  depend 
s t r o n g l y  upon whether o r  not  t h e  IMU acce lerometers  a r e  used f o r  
n a v i g a t i o n  du r ing  t h e  15 minute (SPS) o r  30 minute ( R C S )  f r e e  
f a l l  between r e t r o f i r e  and 400,000 f t .  a l t i t u d e .  This i s  con- 
t r o l l a b l e  by t h e  crew. If they a r e  used, t h e  l a  l e v e l s  for 
t h e  a c t u a l  m i s s  are 2.51 NM downrange and 2.20 NM crossrange  f o r  
a CEP of about  2.95 NM f o r  the SPS d e o r b i t ,  and f o r  t he  RCS de- 
o r b i t ,  t h e  l a  l e v e l s  a r e  10 NM downrange, 5.5 NM crossrange  and 
a CEP of about 11.7 NM. I f  t h e y  a r e  not  used, t h e  l a  l e v e l s  
a r e  1.09 NM downrange and 0.96 NM c ross range  wi th  a CEP of about  
1.30 NM f o r  t h e  SPS and 0.81 NM downrange, 1.18 NM crossrange  and 
1.39 NM CEP f o r  t h e  RCS. 

MIT/IL gives  0.69 NM CEP f o r  t h e  SPS d e o r b i t ,  and 
3.32 NM CEP f o r  t h e  RCS deorb i t ,  and thus  appa ren t ly  does not  
use t he  acce lerometers  during t h e  c o a s t .  TRW [21] g ives  t h e  m i s s  
a s  l e s s  than  3 NM due t o  a l l  e r r o r  sources  f o r  t h e  SPS d e o r b i t ,  
and does not  g ive  an e s t ima te  f o r  t h e  RCS d e o r b i t .  

Not inc luded  i n  t h e  above e r r o r s  i s  t h e  e f f e c t  o f  t h e  
acce lerometer  pu l se  method o f  s ens ing  d e c e l e r a t i o n  due t o  l i f t  
and drag .  The a n a l y s i s  o f  t h i s  problem i s  complex and i s  con- 
t a i n e d  i n  Appendix B, bu t  the  e f f e c t  is  completely n e g l i g i b l e .  
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The "Average-G" Naviga t ion  algori thm i s  found t o  be v e r y  good. 

3.5 E f f e c t s  of L/D Var i a t ions  

The o p e r a t i o n a l  t r a j e c t o r y  for AS-204 was c a l c u l a t e d  
f o r  a hypersonic  t r i m  L/D of 0.357, which was the  value ass igned  
for t h e  CM p r i o r  t o  AS-202. I n  AS-202, i t  w i l l  be remembered, 
t he  CM f e l l  about  200 NM s h o r t ;  t h i s  m i s s  was due t o  a r e d u c t i o n  
of L/D t o  about 0.285 p l u s  a s l i g h t l y  s t e e p  e n t r y  ang le .  
t h e  CM for AS-204 was not r e b a l l a s t e d  ( t o  change t h e  L/D),  t he  
MSC ASP0 changed t h e  nominal L/D t o  about  0 .28 with 3a t o l e r a n c e  
of f 0.04. This s e c t i o n  d i scusses  t h e  e f f e c t s  o f  vary ing  L/D, 
f l i g h t  pa th  angle ,  and range on t h e  accuracy  o f  guidance.  

F igures  15-26 show curves  f o r  misses  of 20 NM, 100 NM, 
and 300 NM f o r  t h r e e  v e l o c i t i e s  (nominal,  nominal +200 f p s ,  
and nominal -200 f p s ) ,  and f o r  f o u r  ranges (1660 NM, a reasonable  
minimum range; 2060 NM, t he  SPS d e o r b i t  nominal range; 2460 NM, 
a p o s s i b l e  maximum range for SPS d e o r b i t ,  and 2767 NM, t h e  RCS 
d e o r b i t  r ange ) .  

Although 

Consider f i rs t  t h e  nominal SPS d e o r b i t ,  Figure 15, 
T h l i t h  T ? e l n , - j t x r  ~ ? ~ ~ ~ ~ t ~ ~ f i ~  e f f e ~ i - 5  m . i i r n n  ifi v i m r n n a  IC; 17. A + -  - -  - u- - - - -  - -v--- -- 
t h e  nominal >PS f l i g h t  path angle  and L/D = 0.357, t h e r e  a r e  mar- 
g i n s  of +0.72" and -0.4 ' i n  f l i g h t  pa th  ang le .  ( A  p o s i t i v e  mar- 
g i n  a p p l i e s  f o r  undershoots ,  a nega t ive  margin f o r  overshoots .  ) 
V a r i a t i o n s  t o  be expected a re  given by MIT/IL a s  about  0.00Ogl' 
( l a )  due t o  p l a t f o r m  d r i f t  [2]  , and about 0.0026" ( l a )  from up- 
d a t e  e r r o r s  o f  1000 f t .  and 0 .8  f p s  i n  each a x i s  E21 . TRW [21] 
g i v e s  a l a r g e r  value of 0.057' and cons ide r s  o t h e r  e r r o r  sources  
a s  w e l l .  I n  any in s t ance  i t  would appear  t h a t  with L/D o f  0.357 
t h e r e  w i l l  be no problem. If t h e  L/D i s  reduced t o  0.28, t h e  
margin s h r i n k s  cons iderably ,  t o  +0.25' and -0.40', bu t  i s  s t i l l  
adequate .  A t  L/D = 0.24, they become +0.07",  -0.40" which i s  t o o  
low an undershoot  margin. 

From Figure 16, i f  t h e  v e l o c i t y  i s  reduced 200 f p s ,  
t h e  margin for L/D = 0.28 i s  t hen  +0.1' and -0.6', whi le  i f  t h e  
v e l o c i t y  i s  inc reased  by 200 f p s  (F igure  17 ) ,  t h e  margins a r e  
+O.5' and -0.2".  
t h e  v a r i a t i o n s  o f  5200 f p s  a re  extreme; but  t h e  v a r i a t i o n s  show 
t h a t  c o n t r o l  of t h e  A V  f o r  d e o r b i t  i s  important  and t h a t  t h e  L/D 
and t h e  f l i g h t  p a t h  angle must be cons idered  c a r e f u l l y .  It would 
appear  from t h e  curves  i n  Figure 15 tha t  w i t h  L/D = 0.28, t h e  
e n t r y  f l i g h t  pa th  angle  should be -1.41' (for margins o f  50.32O) 
r a t h e r  t han  -1.48' a s  the  o p e r a t i o n a l  t r a j e c t o r y  has i t .  There i s  
appa ren t ly  no advantage i n  changing t h e  speed, t h e  range i n  accept -  
a b l e  f l i g h t  path angle  being t h e  same f o r  t h e  t h r e e  speeds.  But 

Since t h e  SPS d e o r b i t  AV t o t a l  i s  about 553 f p s ,  
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if t h e  L/D should f a l l  as low as 0.24 t h e n  a f l i g h t  pa th  ang le  
of -1.3" i s  more d e s i r a b l e ,  g i v i n g  margins o f  k0.23". To pro- 
t e c t  a g a i n s t  such a contingency, t h i s  -1.3" value appears  b e t t e r  
o p e r a t i o n a l l y ;  t h e  margin a g a i n s t  overshoot  i s  then  s a t i s f a c t o r y  
for any L/D g r e a t e r  t han  0.24, and t h e  margin a g a i n s t  undershoot  
i s  adequate  even i f  t h e  L/D i s  0.24. 

Another way of  improving margins for t h e  SPS d e o r b i t  
i s  t o  d e l a y  r e t r o f i r e ,  reducing t h e  range for e n t r y .  F igures  
18-20 show what happens i f  t h e  range i s  reduced t o  1660 NM. 
i s  immediately obvious t h a t  t h e  d e o r b i t  burn  needs a d j u s t i n g ,  f o r  
t h e  f l i g h t  path ang le  i s  t o o  sha l low.  
v e l o c i t y  as a nominal, (Figure 19) t h e  margins for L/D = 0 .24  
are rt0.35", b e t t e r  than t h e  kO.25' p o s s i b l e  f o r  nominal range,  
and are independent o f  v e l o c i t y  ove r  t h e  f200 f p s  range .  Chang- 
i n g  t h e  f l i g h t  pa th  angle  t o  -1.6" from -1.48" r e q u i r e s  about  
80 f p s  a d d i t i o n a l  AV a t  SPS d e o r b i t ,  s o  t h e r e  i s  a t r ade -o f f  be- 
tween i n c r e a s i n g  t h e  SPS d e o r b i t  burn  and reducing  t h e  range.  
Th i s  should be e v a l u a t e d  du r ing  t h e  f l i g h t  when t h e  a c t u a l  SPS 
f u e l  remaining i s  known. Nominal e n t r y  v e l o c i t y  i s  reduced a t  
t h e  same t i m e s t h e  e n t r y  i s  made s t e e p e r ,  because t h e  nominal de- 
o r b i t  burn  a t t i t u d e  i s  maintained.  

It 

Using -1.6' and 25558 f p s  

F igu res  21-23 show t h a t  t h e  range  for SPS d e o r b i t  should  
not  be i n c r e a s e d ,  p a r t i c u l a r l y  i f  a n  L/D of 0.24 i s  cons ide red .  
The curves  a l s o  show a s t r o n g  dependency of d e s i r a b l e  f l i g h t  p a t h  
a n g l e  wi th  v e l o c i t y ;  i f  t h e  long range d e o r b i t  becomes necessa ry ,  
i t  w i l l  be necessa ry  t o  a d j u s t  t h e  CM a t t i t u d e  a t  r e t r o f i r e ,  pos- 
s i b l y  l o s i n g  t h e  p i l o t ' s  l i n e  of  s i g h t  t o  t h e  ho r i zon .  
t h e r e  i s  no r eason  for fo rc ing  t h e  long  range e n t r y ,  s o  t h e  prob- 
l e m  should  not  come up. 

F o r t u n a t e l y ,  

For t h e  SPS d e o r b i t ,  t h e r e f o r e ,  i t  seems b e t t e r  t o  r e -  
duce t h e  e n t r y  range .  A t  1800 NM, a f l i g h t  p a t h  ang le  o f  -1.48" 
should  have margins o f  about rt0.30". N a t u r a l l y ,  i t  i s  necessa ry  
t o  p l a n  t h e  d e o r b i t  burn t o  a d j u s t  t o  t h e  real-time s i t u a t i o n ,  
and use  o f  a p e s s i m i s t i c  L/D of  0 .24  i s  d e s i r a b l e  s i n c e  r e s u l t s  
f o r  h i g h e r  L/DTs are always b e t t e r .  

These l a s t  f i g u r e s  (21-23) are  a l s o  o f  i n t e r e s t  a s  a 
RCS d e o r b i t  e n t r y  v e l o c i t y  s h o r t  range RCS d e o r b i t  and e n t r y .  

i s  25830 f p s ,  72 f p s  fas ter  t h a n  t h e  SPS d e o r b i t  e n t r y  v e l o c i t y  
so  F igu res  21 and 23 are of g r e a t e r  i n t e r e s t  t han  Figure  22. For  
t h e  p e s s i m i s t i c  L/D o f  0.24, t h e  margin is about  +0.15", -0.1' a t  
25758 f p s .  
n o t  be planned f o r  2400 NM o r  less .  

Ac tua l ly  F igures  15-23 a l l  show t h a t  RCS d e o r b i t  should  
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Figures  24-26 show t h e  c o n d i t i o n s  f o r  the  nominal 
RCS e n t r y  range of 2767 NM, f o r  RCS nominal e n t r y  v e l o c i t y  and 
f o r  RCS e n t r y  v e l o c i t y  k200 f p s .  The RCS d e o r b i t  AV i s  137 f p s ,  
so  +200 f p s  are, aga in ,  extreme v a r i a t i o n s .  For t h e  nominal 
v e l o c i t y ,  (F igu re  24) t h e  margins a t  L/D = 0.357 a r e  +0.35', 
-0.20'; a t  L/D of 0.28 are +0.15', -0 .2 ' ,  and a t  L/D = 0.24 are 
+0.05", -0.15". Note t h a t  the m i s s  goes up r a p i d l y  i f  t he  mar- 
g i n s  are  exceeded, e s p e c i a l l y  i f  t h e  e n t r y  i s  t o o  shal low.  

f l i g h t  pa th  angle  d i s p e r s i o n .  This seems reasonab le  t o  t h e  wri ters .  
Compared w i t h  t h e  SPS d e o r b i t ,  t he  AV i s  much s m a l l e r ,  s o  engine 
performance e r r o r s  (which MIT/IL d i d  not  i n c l u d e  i n  e i t h e r  c a s e )  
are less  and MIT/ IL ' s  r e s u l t  should  be on ly  s l i g h t l y  low. To be 
a b i t  conse rva t ive ,  a 1u value of 0.015" seems a p p r o p r i a t e .  

MIT/IL sugges t  0.012' as l a  f o r  RCS d e o r b i t  e n t r y  

Using t h e  0.015", then ,  t h e  RCS d e o r b i t  w i l l  have a 
r e l a t i v e l y  small margin a g a i n s t  undershoot  i f  t h e  L/D i s  0.24, 
b u t  o the rwise  i t  w i l l  be s a t i s f a c t o r y .  It seems d e s i r a b l e  t o  
make t h e  f l i g h t  p a t h  angle  s l i g h t l y  less s t e e p .  

For; a f a s t e r  v e l o c i t y  (F igu re  25) t he  margins a r e  r e -  
n--- - - _ I .  . I - I  7- - - -1 > - -  -L - -1 Uuc;e:ci ariri iiie e 1 i t i . y  ~ ~ i g j l i b  paL;i aiiblc iiiuoc, uc auJunuGu. Y w I  

s lower  v e l o c i t y  t h e  margins are more desirable  (F igu re  26);  a t  
an L/D of 0.24, w i t h  a f l i g h t  pa th  ang le  of -0.63", t h e  margins 
would be k0.17' and would i n c r e a s e  as L/D i n c r e a s e s .  B u t  such 
a lower v e l o c i t y  (200 f p s  slow) i s  an u n d e s i r a b l e  (or i m p o s s i b l e )  
requirement  f o r  t h e  R C S  d e o r b i t  w i th  t h e  s t a n d a r d  a t t i t u d e  d u r i n g  
the  burn.  

The above po in t  up a d e f i n i t e  need f o r  r e a l  time plan-  
n i n g  of  t h e  RCS d e o r b i t  i f '  it i s  needed. The crew must f i n e  a l i g n  
t h e  IMU and t h e  ground must bo th  update  t h e  p o s i t i o n  and v e l o c i t y  
data  and c a r e f u l l y  c a l c u l a t e  t h e  optimum RCS burn .  It seems pru- 
d e n t  t o  do t h i s  u s i n g  t h e  l o w  L/D o f  0.24, s i n c e  t h e  s i t u a t i o n  
a lways  improves as L/D i n c r e a s e s .  

3.6 E f f e c t  o f  Range on Dece le ra t ion  and Heat ing  

F igure  27 shows how maximum g t s ,  peak heat r a t e  and t o -  
t a l  heat vary w i t h  range t o  t h e  l and ing  p o i n t .  SPS d e o r b i t  e n t r y  
c o n d i t i o n s  were used .  

The maximum d e c e l e r a t i o n  curve shows a t y p i c a l  r e d u c t i o n  
i n  g ' s  w i th  range,  b u t  has two unusual  v a r i a t i o n s .  The peak a t  
about  1600 NM range  i s  due t o  n e a r l y  s imula tneous  requi rements  
from t h e  l a t e r a l  m i s s  c o n t r o l  and from the g l i m i t e r .  What hap- 
pens a t  t h e  1600 NM range,  f o r  example, i s  the fo l lowing .  During 
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t h e  f i n a l  phase, t h e  downrange c o n t r o l  i s  o p e r a t i n g  i t h  l i t t l e  
p r e d i c t e d  range miss and a bank ang le  of about +go'. The la t -  
e r a l m i s s  c o n t r o l  comes i n t o  a c t i o n  and commands a roll ang le  
of about  -go", because t h e  l a t e r a l  m i s s  has j u s t  d r i f t e d  ove r  
t h e  a c c e p t a b l e  l i m i t .  Because of  t h e  p a r t i c u l a r  s i t u a t i o n ,  t h e  
s p a c e c r a f t  goes from +go' t o  -90' through 180°, i . e . ,  i t  momen- 
t a r i l y  causes  f u l l  l i f t  down. This causes  d e c e l e r a t i o n  t o  b u i l d  
up t o  10.6 g ' s  even through t h e  g - l i m i t e r  t a k e s  o v e r a n d  c a l l s  
for f u l l  l i f t  up. 
c o n d i t i o n s  are r e q u i r e d  for t h e s e  e v e n t s  t o  occur  i n  j u s t  t h i s  
way; having  s l i g h t l y  d i f f e r e n t  i n i t i a l  l a t e r a l  m i s s ,  for example, 
would have caused the  l a t e r a l  c o r r e c t i o n  t o  occur  a t  a d i f f e r e n t  
t i m e ,  and t h e  h igh  peak would no t  have occur red .  

A p a r t i c u l a r  s e t  o f  l a t e r a l  m i s s  ana range 

The Reentry S tud ie s  S e c t i o n  o f  the  Mission Planning and 
Analys is  Div is ion ,  M S C ,  it i s  known, has recognized  t h i s  problem 
and i n s t r u c t e d  MIT/IL no t  t o  permit  r o l l i n g  through 180' i f  t h e  
d e c e l e r a t i o n  i s  g r e a t e r  than  175 f p s 2  [22] . 
i t i e s  o f  t h e  a u t h o r s  of  t h i s  r e p o r t  t o  unders tand  t h e  l i s t i n g  of 
t h e  AS-204 f l i g h t  program, no such s p e c i a l  l o g i c  i s  inc luded  and 
was t h e r e f o r e  not  i nc luded  i n  t h e  Bellcomm s i m u l a t i o n s .  

Within t h e  capab i l -  

*me secona unusual v a r i a t i o n  i s  m a t  t n e  g ' s  a r e  not  
un i formly  low a t  h igh  ranges .  
i n  t h e  f i n a l  phase of t h e  e n t r y  gu idance .  It i s  i n t e r e s t i n g  t o  
n o t e  t h a t  t h e  i n i t i a l  phase las ts  f o r  about 1000 NM r e g a r d l e s s  of  
total range,  s o  t h a t  the  f i n a l  phase range goes up f a i r l y  e q u a l l y  
wi th  t o t a l  range.  
a v e l o c i t y  of  about  25700 f p s ,  an  a l t i t u d e  o f  about 255,000 f t .  
and a f l i g h t  pa th  ang le  o f  -1.22'. The f i n a l  phase f o r  s h o r t  
r anges  beg ins  lift down a l m o s t  immediately, l e a d i n g  t o  t h e  h igh  
g l s  shown on t h e  graph.  A s  the  range i n c r e a s e s ,  l i f t  i s  main- 
t a i n e d  up f o r  more and more t i m e .  The guidance t r a d e s  off veloc-  
i t y  and ra te  o f  descen t  t o  achieve  t h e  p rope r  range - a t  ranges  
of about  2000 NM t h e  d e c e l e r a t i o n  i s  f a i r l y  uniform dur ing  t h e  
descen t  i e l d i n g a  lowmaximum g o f  on ly  3 g.  A t  long  ranges  
(2600 NMY, t h  e d e c e l e r a t i o n  i s  low while  t h e  CM s t a y s  a t  h igh  a l -  
t i t u d e ,  b u t  when the  f i n a l  descent  i s  begun t h e  v e l o c i t y  i s  low 
enough t h a t  t he  maximum d e c e l e r a t i o n  i s  a g a i n  about 3 g. But a t  
i n t e r m e d i a t e  ranges  (2450 N M ) ,  t h e  t rade off i s  no t  s o  good - 
t h e  CM s t a y s  a t  h igh  a l t i t u d e  f o r  t o o  long  and does n o t  l o s e  
enough v e l o c i t y ,  and the d e c e l e r a t i o n  d u r i n g  t h e  f i n a l  descent  
b u i l d s  up t o  about  4.5 g .  !Phis i s  not  h igh  enough t o  make des i r -  
able any changes i n  t h e  guidance equa t ions ,  a l though i t  might be 
cons ide red  while p lanning  t h e  miss ion .  It i s  i n t e r e s t i n g  t o  no te  
t h a t  these peak g t s  occur  when t h e  CM i s  100 t o  300 NM from t h e  
l a n d i n g  p o i n t ,  be ing  c l o s e s t  when t h e  t o t a l  range i s  g r e a t e s t .  

T h i s  i s  due t o  t h e  commands g iven  

F i n a l  phase i n i t i a l  c o n d i t i o n s  uniformly have 
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The t o t a l  heat curve i s  a s  expec ted ,  i n c r e a s i n g  
s t e a d i l y  w i t h  range.  Most of t h e  h e a t i n g  occur s  a t  h igh  a l -  
t i t u d e s  (and v e l o c i t i e s ) .  When t h e  range i s  s h o r t ,  s o  t h a t  
f l i g h t  t i m e  i s  reduced, t h e  t o t a l  h e a t  i s  reduced.  T h i s  i n -  
c r e a s e s  t h e  peak h e a t  ra te ,  which occur s  a t  high a l t i t u d e  and 
v e l o c i t y .  A s  range i n c r e a s e s ,  peak heat r a t e  r educes .  

E a r t h  o r b i t a l  speed e n t r i e s  a r e  not  heat s h i e l d  tes ts .  
F igure  28 shows p e r t i n e n t  d a t a  on t h e  heat s h i e l d  des ign  r e q u i r e -  
ments, on LOR-mission expec ta t ions ,  and on p a r t i c u l a r  f l i g h t s .  
There should  no t  be any h e a t  s h i e l d  problem, 

3.7 Other Spacec ra f t  Parameter V a r i a t i o n  E f f e c t s  

i n  the previous  s e c t i o n ,  t h e  e f f e c t s  o f  o t h e r  s p a c e c r a f t  para- 
meters were i n v e s t i g a t e d .  

I n  a d d i t i o n  t o  t h e  L/D v a r i a t i o n  e f f e c t s  d i s c u s s e d  

Ro l l  O r i e n t a t i o n  of L i f t ,  that  i s  the  ang le  by  which the  l i f t  
i s  n o t  i n  t h e  s p a c e c r a f t  X-Z plane, was i n v e s t i g a t e d .  A +35" 
e r r o r  was i n s e r t e d ;  t h e  m i s s  remained under  1.0 NM for bo th  
r3bQ & L d  1 L U L J  C l l b I I G D .  L l l L U  L U  LJLVUUYb " A A b  u v v - u *  * A & "  . . . V & I V  A -  

sensed  by t h e  acce le romete r s .  The r o l l  ang le  t i m e  h i s t o r y  i s  
affected by t h i s  v a r i a t i o n ,  b u t  t h e  guidance equa t ions  success-  
f u l l y  cope wi th  i t .  T h i s  e r r o r  would a l s o  correspond t o  readout  
e r r o r s  ( o r  misal ignment)  of t h e  r o l l  gimbal r e s o l v e r .  
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R o l l  A c c e l e r a t i o n  and Rate L i m i t s  were a l s o  checked. The simula- 
t i o n s  used i n  t h i s  s tudy  d i d  n o t  i n c l u d e  a p e r f e c t  s i m u l a t i o n  of  
t he  a u t o p i l o t ,  a l t h o u g h - t h e  s imula t ions  are thought  t o  be reason-  
able.  
l i m i t  was 15"/sec (about  the CM X a x i s ) .  Reducing t h e  a c c e l e r a -  
t i o n  t o  2"/sec2 d i d  no t  a f f e c t  t h e  guidance accuracy .  Reducing 
the  r o l l  r a t e  as low as 5"/sec w i t h  2"/sec2 a c c e l e r a t i o n  a l s o  
does no t  a f f e c t  the guidance accuracy.  I n  bo th  cases ,  t he  guid- 
ance equa t ions  a d j u s t  the  r o l l  ang le  t i m e  h i s t o r y  t o  compensate 
f o r  t h e  v a r i a t i o n s .  This i s  o f  i n t e r e s t  e s p e c i a l l y  f o r  manual 
c o n t r o l  o f  e n t r y  o r  f o r  use  of on ly  one of t h e  two r o l l  t h r u s t e r  
s e t s .  A u t o p i l o t s  f o r  a t t i t u d e  c o n t r o l  du r ing  o r b i t a l  e n t r y  
shou ld  be as s imple as p o s s i b l e  - h igh  accuracy i s  simply not  re- 
q u i r e d .  

Weight of the  s p a c e c r a f t ,  f o r  +20$ v a r i a t i o n s ,  has no impor tan t  
e f f e c t  on the  guidance accuracy ,  This i s  because t h e  dece le ra -  
t i o n  i s  sensed.  If the  weight i s  reduced, the  d r a g  f o r c e  causes  
greater  d e c l e r a t i o n .  There i s  some se l f  s t a b i l i z i n g  e f f e c t  i n  
t h a t  t h e  r e s u l t i n g  s lower  v e l o c i t y  would reduce the  d r a g  f o r c e ,  
b u t ,  i n  any case ,  the  e n t r y  guidance equa t ions  a d j u s t  t h e  roll 
a n g l e  t i m e  h i s t o r y  t o  compensate f o r  t h e  change. 

Nominal roll a c c e l e r a t i o n  was 5"/sec2 and nominal roll ra te  
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3.8 Environment V a r i a t i o n  E f f e c t s  

V a r i a t i o n  o f  atmospheric d e n s i t y  by +20$ does not  
a f f e c t  guidance accuracy,  f o r  bo th  SPS and R C S  nominal d e o r b i t s .  
T h i s  i s  because t h e  d e c e l e r a t i o n  e f f e c t  of t h e  atmosphere i s  
sensed b y  t h e  G&N system, and t h e  guidance makes a p p r o p r i a t e  
changes i n  t h e  r o l l  angle  commands. 

Winds of ,130 knots  above 65,000 f t .  f rom any d i r e c t i o n  
do no t  a f f e c t  guidance accuracy. Again, t h i s  i s  because t h e  e f -  
f e c t  i s  sensed  b y  t h e  G8cN system and t h e  t r a j e c t o r y  c o r r e c t e d .  

The G&N system s tops  guid ing  t h e  t r a j e c t o r y  a t  about 
60,000 f t . ,  when t h e  r e l a t i v e  v e l o c i t y  f a l l s  below 1,000 f p s .  
From t h e r e  t o  touchdown, winds could d e f l e c t  t h e  CM, b u t  i t  
would t ake  t h e  j e t  s t ream a t  300 knots  t o  cause i t  t o  move two 
m i l e s .  Thus, winds a r e  not a problem. 

4.0 Entry Guidance Equat ions 

F igures  29-35 a r e  flow c h a r t s  f o r  t h e  e n t r y  guidance.  
V Q I m n  pnnm +he F:nZ) r 1 2 a n d  nripplPrnPnks1 i n f o r m a t l o n  [ 8 =  14. 15-1 . 
they  a r e  annota ted  <o show how they  o p e r a t e  f o r  Mission AS-204. 
The nominal miss ion  sequence o f  even t s ,  i n s o f a r  as e n t r y  i s  con- 
cerned,  begins  with p la t form alignment on the  o r d e r  of one hour  
p r i o r  t o  r e t r o f i r e .  The o p e r a t l o n a l  t r a j e c t o r y  [ 3 3  l i s t s  
r e t r o f i r e  as approximately l 3 D ,  18~, 20M a f t e r  l i f t - o f f .  By 
t h e  t ime t h e  CM reaches  the  e n t r y  i n t e r f a c e  a l t i t u d e  881s l a t e r ,  
i t  i s  a t  t h e  r e q u i r e d  e n t r y  a t t i t u d e .  The p i t c h  and yaw ang les  
a r e  s e t  f o r  aerodynamic t r i m  o f  t h e  CM and t h e  r o l l  angle  i s  O", 
f o r  f u l l  l i f t  up. Entry heading i s  such t h a t  t h e  t a r g e t  i s  s l i g h t -  
l y  t o  t h e  r i g h t  and 2,064 NM downrange. 
t h i s  s e c t i o n  t = 0 when t h e  CM passes  through t h e  400,000 f t .  
a l t i t u d e . )  

- -  ---_--- - -  

(For  t h e  remainder of  

The CM i s  i n  a b a l l i s t i c  phase i n  which l i t t l e  aero-  
dynamic f o r c e  i s  e x e r t e d .  While t h e  CM guidance has t h e  a b i l i t y  
t o  a t t empt  t o  c o r r e c t  f o r  p red ic t ed  l a t e r a l  misses ,  t h e  cond i t ions  
do n o t  warran t  any roll maneuvers. F u l l  l i f t  up ( w i t h  an accom- 
panying slow bu i ldup  of l a t e r a l  m i s s )  i s  main ta ined  u n t i l  t h e  
senses  aerodynamic d e c e l e r a t i o n  reaches  6.5 fps2  when a new , 

guidance phase i s  i n i t i a t e d .  This occurs  about $28 seconds i n t o  
e n t r y ,  a t  an a l t i t u d e  o f  257,102 f e e t  with a range t o  go of about 
1102 NM. I n  t h i s ,  t h e  f i n a l  phase, t h e  range which w i l l  r e s u l t  
f rom the  p resen t  t r a j e c t o r y  i s  computed, u s ing  p resen t  v e l o c i t y  
magnitude, v e r t i c a l  v e l o c i t y ,  and d e c e l e r a t i o n  a s  t h e  independent  
v a r i a b l e s .  The guidance technique employs a r e fe rence  t r a j e c t o r y  
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v e r t i c a l  veloci ,y  an1 d e c e l e r a t i o n  vs .  v e l o c i t y  magni- 

d i e t  t h e  range which w i l l  be covered. 
t h e  range to the  t a rge t  and t h e  e r r o r  i s  conver ted  i n t o  an L/D 
command u s i n g  a n o t h e r  i n f luence  f u n c t i o n .  Note t h a t  range con- 
t r o l  i s  at tempted only  d u r i n g  the  f i n a l  phase. It i s  assumed 
t h a t  t h e  r e t r o f i r e  and b a l l i s t i c  phase r e s u l t  i n  t h e  CM v e l o c i t y  
and p o s i t i o n  be ing  w i t h i n  the range c a p a b i l i t y  o f  t he  f i n a l  
guidance phase.  

i n f l u e n c e  c o e f f i c i e n t s  about tha t  t r a j e c t o r y  to pre -  
This  i s  compared w i t h  

Lateral  Control  (Figure 35) i s  a t tempted  throughout 
But v e r t i c a l  L/D requirements  f o r  l o n g i t u d i n a l  t h e  f l i g h t .  

c o n t r o l  take precedence, and l a t e r a l  c o n t r o l  i s  reduced t o  a 
q u e s t i o n  of r o l l i n g  r i g h t  o r  l e f t .  That i s ,  suppose t h e  v e r t i c a l  
L/D wanted can be achieved by a r o l l  ang le  o f  +60° o r  -60" 
(L/D v e r t i c a l  = L/D cos  (roll a n g l e ) ;  t h e n  the  l a t e r a l  c o n t r o l  
de te rmines  whether t he  +60° o r  -60" i s  t o  be used. To reduce t h e  
amount o f  r o l l i n g ,  t h e  l a t e r a l  l o g i c  permi ts  the  l a t e r a l  e r r o r  to 
d r i f t  back and f o r t h  between l i m i t s  g iven  as the  q u a n t i t y  Y .  
T h a t  i s ,  suppose the  r o l l  angle  a c t u a l l y  i s  +5O", and t h e  commanded 
r o l l  i s  +60°. L a t e r a l  l o g i c  w i l l  u se  +60° u n l e s s  t h e  l a t e r a l  miss 

max 

- - -  n nw .. e e 2 Y> ir! ?!h?Ch '1 '2ZP t h e  -5n" ?!ill hn lJ .Z?d* 

I f  f u l l  l i f t  up o r  down i s  r e q u i r e d  for l o n g i t u d i n a l  
c o n t r o l ,  n o t  much i s  a v a i l a b l e  f o r  l a t e r a l  c o n t r o l .  The l o g i c  i n  
F igure  35 permits r o l l  angles  of +l5" from 0" or 180" i n  such a 
c a s e .  T h i s  g i v e s  some l a t e r a l  c o n t r o l ,  bu t  n o t  as much as might 
be d e s i r e d .  
a more s t r enuous  e f f o r t  i s  made to keep the ta rge t  dead ahead. 
Y i s  always conse rva t ive  and s o  i s  Y/2.  

So Y/2  i s  t h e n  used as t h e  swi t ch ing  c r i t e r i a ,  i . e . ,  

La te ra l  motion should be a c c e p t a b l e  from t h e  viewpoint 
of crew comfort .  T ra j ec to ry  da ta  i n d i c a t e s  f o u r  roll r e v e r a l s  
d u r i n g  t h e  e n t r y .  

5.0 Summary and Conclusions 

T h i s  s tudy  has i n v e s t i g a t e d  the  c o n d i t i o n s  under which 
a c c u r a t e  guidance i n  t he  e n t r y  phase i s  maintained.  Accurate 
guidance i s  a r b i t r a r i l y  def ined  as a m i s s  l e s s  t h a n  20 NM a t  t h e  
23,500 f t .  a l t i t u d e  where the parachute  opens.  For t h i s  s tudy ,  
t r a j e c t o r y  i n i t i a l  cond i t ions  and s imilar  data were t aken  from 
t h e  AS-204 Opera t iona l  T r a j e c t o r y  [ 3 ] .  The r e s u l t s  o f t h e  s t u d y  i n -  
c lude  t h e  fo l lowing:  
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1. 

2 .  

3 .  

4. 

5. 

The G&N s y s t e m  fo l lowing  an  SPS d e o r b i t  can a c c u r a t e -  
l y  gu ide  the  command module t o  any p o i n t  i n  an a r e a  
ex tend ing  from 1511 NM t o  2601 NM downrange from t h e  
e n t r y  p o i n t  and up t o  *log NM t o  t h e  s i d e .  The 
nominal t a r g e t  i s  2064 NM downrange i n  t h e  c e n t e r  o f  
t h i s  area. I n  t h e  backup mode, where t h e  RCS i s  used 
f o r  d e o r b i t ,  a c c u r a t e  guidance i s  achieved from 2030 NM 
t o  3165 KM downrange and +111 NM t o  t h e  s ide .  
nominal t a r g e t  i n  t h i s  c a s e  i s  2767 NM downrange. 

The 

Expectable  v a r i a t i o n s  i n  e n t r y  p o s i t i o n  ( p o s i t i o n  a t  
400,000 f t .  a l t i t u d e ) ,  and i n  v e l o c i t y  magnitude and 
heading ang le  have n e g l i g i b l e  e f f e c t s  on guidance ac-  
curacy,  provided t h e y  a r e  known t o  t h e  G&N System. 

Expectable  e r r o r s  i n  p o s i t i o n  and v e l o c i t y  update  data 
from t h e  MSFN do not  i m p o r t a n t l y  a f f e c t  guidance accu- 
r acy .  

I n e r t i a l  Measuring Unit  ( I M U )  e r r o r s  cause a CEP of 
l:3O NM f o r  t h e  SPS d e o r b i t  and 1.39 NM f o r  t h e  RCS 

f o r  n a v i g a t i o n  dur ing  the  f ree  f a l l  a f te r  r e t r o f i r e  and 
b e f o r e  atmospheric e n t r y .  I f  t h e  acce le romete r s  are  
used, t h e  C E P l s  become 2.95 NM (SPS) and 11.7 NM ( R C S ) .  
The C r e w  may e s t a b l i s h  t h e  IMU a t t i t u d e  as much as 1 
hour  before r e t r o f i r e  without  s i g n i f i c a n t  e f f e c t  on t h e  
CEP's. 

d-T;hit, _ _  - -  yn?r icnC!  t h e  IF! 2nnel2FczZt2?C 2rc  Xt 2zc2  

The f l i g h t  pa th  angle  a t  e n t r y  and the L/D r a t i o  are  
are t h e  most s i g n i f i c a n t  f a c t o r s  i n  e n t r y  success .  A t  
L/D = 0.357 ( o l d  nominal) ,  and nominal f l i g h t  p a t h  
ang le  of  -1.478", t h e  SPS d e o r b i t  margins i n  f l i g h t  
pa th  an  l e  a r e  +0.72" ( t o  t h e  undershoot  boundary 
-0.43" ? t o  t h e  overshoot boundary) .  A t  L/D = 0.2 
(new nominal) t h e  margins are +0.25" and -0.40". A t  
L/D = 0.24 (30 l o w )  they  are 0.07" and -0.40". With 
l a  as 0.057'. the  low L/D undershoot  margin i s  too 
small, and the  f l i g h t  pa th  ang le  should be a d j u s t e d .  It 
seems more d e s i r a b l e ,  however, t o  reduce t h e  range t o  
some 1800 NM and s t e e p e n  t h e  f l i g h t  pa th  a n g l e  t o  about  
-1.48", g e t t i n g  margins of about  +0.30",  which should  
be safe ,  If planning i s  done u s i n g  L/D = 0.24, t h e n  
margins improve if L/D i n c r e a s e s .  
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RCS d e o r b i t  margins a r e  .+0.35', -0.20' f o r  
L/D = 0,357; a r e  tO.l5", -0.20' f o r  L/D = 0.28; and 
a r e  +0.05", -0.15" f o r  L/D = 0.24 (la f o r  f l i g h t  
path ang le  i s  here  about  0.015"). 
range i s  not  o f  s i g n i f i c a n t  he lp ,  s o  t h e  f l i g h t  path 
angle  should be made l e s s  steep t o  balance the margins .  
Again, use of 0.24 L/D i n  p lanning  i s  d e s i r a b l e .  

Decreasing t h e  

6 .  

7. 

Decelera t ion ,  peak h e a t  r a t e s  and t o t a l  hea t  l oad  f o r  
Ear th  o r b i t a l  speed e n t r y  are a l l  q u i t e  t o l e r a b l e .  

Guidance accuracy is  i n s e n s i t i v e  t o  l i f t  o r i e n t a t i o n  
e r r o r s  ( i n  r o l l )  o f  +35", t o  roll a c c e l e r a t i o n  re- 
duc t ions  t o  2'/sec2 (about  40% of t h e  c a p a b i l i t y  of  
one s e t  of  t h r u s t e r s ) ,  t o  r o l l  r a t e  l i m i t s  o f  5"/sec 
(15'/sec nominal) ,  t o  weight v a r i a t i o n s  of +20%, t o  
winds of 300 knots from any d i r e c t i o n ,  and, t o  atmos- 
phe r i c  denoi ty  v a r i a t i o n s  of  +20%. I n  p a r t i c u l a r ,  
manual c o n t r o l  of r o l l  o r i e n t a t i o n  should be q u i t e  
f e a s i b l e .  
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T = O  . 

H = 400,000 FT 
V = 25;830 FPS 
RANGE 2,767 NM 
32.65'N - 106.16'E 7- 
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FIGURE 9 - AS-20W RCS DEORBIT ENTRY TRAJECTORY 
(ALTITUDE EXAGGERATED 20X) 
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TRAJECTORY CONDITIONS USING SPS DEORBIT 

PHASE 

Time (re1 a t  i ve) , sec. 

Range t o  go nm 
Latera l  miss nm 
A1 t i t u d e  f e e t  
I n e r t i a l  ve loc i ty ,  f p s  
F l i g h t  path angle, deg 
R o l l  angle, deg 

PHASE 

Time ( r e l a t i v e ) ,  sec. 
Range t o  go nm 

Latera l  m-iss nm 

A l t i t u d e  f e e t  
I n e r t i a l  v e l o c i t y ,  f p s  

F l i g h t  path angle, deg 

R o l l  Angle, deg 

"ENTRY" 
ALTITUDE 

0. 
2064. 
4. 
400 , 000 . 
25,758. 
-1.46 
0. 

INITIAL 
ROLL, 

CONSTANT 
DRAG, 

UPCONTROL, 

NOT USED 

BALL1 STlC 
(.05 6) 

176. 
1322. 
5. 
287,538. 
25,845. - 1.37 
0. 

TRAJECTORY CONDITIONS USING RCS DEORBIT 

"ENTRY" 
ALTITUDE 

0. 
2767 
-9 

400 , 000 
25,830. 
-0.934 

164.8 

I N I TI  AL 
ROLL, 

CON STANT 
DRAG, 

UPCONTROL, 

NOT USED 

BALL I ST I C  

296. 
1517 
-5  

287,198. 
25,883. 
-0.77 

164.8 

F I NAL 
PHASE 

228. 
1102. 
5. 
257, 102. 
25,704. 
-1.22 
0. 

FINAL 
PHASE 

370 
I I70 
-2  
255, I 18. 
25,653. 
-0.97 

15.20 

23500 FT 
ALT I TUDE 

7 10.8 
0. 

-03 
23,500. 
1419 
- 17.8 
264. I 

25000 FT 
ALT I TUDE 

881.2 
0. 
0.5 
23,500. 
1 458. 

17. 4 
-123. 

F I G U R E  29 - M I T  ENTRY GUIDANCE - TRAJECTORY PHASES FLOW CHART 



SAVE VEL INCREMENT 
A S  b t L V  

I 
1. 
I' 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

WUE = 3e986032233~lO" ma/8ec2 

J = / . 6 2 3 4 5 ~ / 0 ' ~  

RE = 6 . 3 7 8 1 6 5 ~ 1 0 ~  meter8 

RE = 20,9259738. ft 

T = 2 sec. 

FIGURE 30 M I T  AVERAGE G NAVIGATION FLOW CHART' 
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I' 
I' 

IZATION 

I' K2RoLL = I 

Use r e l a t i v e  v e l o c i t y  
a f t e r  i n e r t i a l  f a l l s  
below 12,883 f p s  

I S  RELVELSW ZERO? 

r t  5 

6 5  -+ RELVELSW ZERO'  

W = 7.2921 1505 x 

T = 0 when UITO inserted.  

rdnslsec. 

* 
uiT = U @ l O  ;TU (COS W T - 1 )  6 T E  SIN W f  

CUBTO = (TARGET) 
L A T A N G :  UgT. UNI 

T H E T A  

1 RE here = 
RE f o r  nav iga t ion  

t r a j e c t o r y  a l t i t u d e  
t 277, I 6 2  f t  (avera  

: COS-' [ U h  UNIT ( a ) ]  
I 
I 
1 

"r 

b 
L 

KEP2 

FIGURE 31 FLOW CHART - INITIALIZATION AND TARGETING COMPUTATIONS 



B a l l  i s t i c  phase, @ [  AS-SOU m i  ss  ion 

IS D - I Q 7 * K D M I N )  POS? 1 
NO 

B a l l a s t i c "  
MAINTAIN ATTITUDE W N T R O L  

(Zero side s l i p  & angle 
o f  a t tack  near i t s  t r i m  
value) 

1 E x i t  from " B a l l i s t i c "  
f l i g h t  i n t o  f i n a l  
phase 

FIGURE 32 MIT FLOW CHART - BALLISTIC FLIGHT PHASE 



PREDICT3 Q I n  AS2011 f l i g h t  

658 seconds w i t h  

a l t .  = 60,024 ft. 

When v ' looo fps occurred a t  g i v e  up t r y i n g  
to the range t o  go = 1.3 nm [f 1 i g h t  L 

NO 

1 

(Hold' l a s t  r o l l  command) 

u l l  f u l l  l i f t  down 
i f  overshoot has 
occurred - NOT USED IN AS-2011 

F ina l  phase uses V c  RDOT, 
D and Sen8 i t i v i t y  coef- 
f i c i e n t s  t o  p r e d i c t  range 
and t o  c o r r e c t  LID t o  
value which restores 

PREOANGL RTOGO(V) F Z  ( V I  [RDOT-RDOTREF ('11 
+ F1 ( V )  (D-DREFR(V)] 

DELDU = V (THETNWPREDANGL)/F3(V) 
reference condi t ions.  I Gain o f  11. makes t h i s  

Loccu r  quickly. 

1 

i l  LID = LOD t DELDU 

YES 

--- 
I S  ABS (L ID)  < I . ?  

YES 

REQUIRED INCREMENT IN 
L I D  > 1. I USE L I D  = . 3  

PROPER SIGN. 

GO TO GLIMETER 

FIGURE 33 M I T  FLOW CHART - FINAL PHASE 



D >IOG H W )  LAD = o.3 I 
50 < D <  IOG 

l i f t  up now. GO TO 310 

- 
I O G  i s  predicted so 

P u l l  f u l l  l i f t  up. 
La tera l  r o l l  control  ' condi t ion  i s  c r i t i c a l .  

y e t  c r i t i c a l .  

- 

Latera l  r o l l  control  

FIGURE 34 MIT FLOW CHART - G LIMITER CONTROL 



A I S  CONEPAST Z E R O ?  

I[ y 0 ; 0 0 1 5  
Approximate maximum I ( L * T  V s Q *  LATIIAS Radians 
1 a t e r a l  range, rad lans 

Need f u l l  l i f t  UP 
down f o r  range o r  G O  
c o n t r o l .  

1 KPROLL and 
LATAWG have 

e r r o r  < cap- I 
. a b i l i t y i s d e s i r e d (  

opposi te  s igns 
i f  headed t o  
reduce 1 a t e r a l  
e r r o r  

proper, p u l l  

cos 1500 
LID = Om3 x 

Reverse r o l  
t o  c o r r e c t  
motion. 

angle 
a t e r a l  I- LIGHT SWITCH LIGHT 

Don't need f u l l  
l i f t  up o r  down 
f o r  range o r  G 
Control ,  can do 
l a t e r a l  c o n t r o l  --[ i f  needed. 

mot ion i s  i n  wrong 
d i r e c t i o n .  Check i f  r o l l  
should be i n  opposi te  
d i r e c t i o n ,  /.eo, i s  l a t e r a l  

+ 

t t - 
I S  A B S (  L / D / l A D )  - 1  POS ? 

V L S  
NO 

FIGURE 35 M I T  FLOW CHART - LATERAL LOGIC 

L i m i t  LID c t o  + 03 

This formula changes 
the r o l l  command i n  
the " l e a s t  mot ion" 
d i r e c t i o n  t o  min- 
i m i  ze r o l l  maneuver. - 



a . 
+I ac- 

c1 

. .  z 

rn rn a 
c4 

UI a 
c4 

m a 
c4 

0 

In 
Q) 
w 
hl 
0 

I 

0 

3 

-r 
cc: 

3 
cc: 
F, 

1 

* *  
or- 

m 
M 

"I PI 21 - 1  C I  

X % % X %  
T 3 T In PI 
T O  G M I -  

w 0,4 to m - P I  T c. 
. . . . .  

I- 0, 3 m T 
,?I r, "I (s I . '  

"I T 1- 

. . . . .  

.-I N a, 
a m m C D C )  
I n m o - r t -  
N m 1 - T - r  
O G O M C V  
0 0 0 0 0  . . . . .  

W In 01 In 

,? I 

x 

3 

4 
T 
3 

c: 
0, 
a> 

6 1  
r- 
M 
CJ 

1 

3 
O 
m 
m 
0 

M 

rJ 
0 
3 

a 
v 
3 

I 

4 

3 

3 

0 

0 

-r In 

a; m 

0 - 6  
t- 3 
4 C I  

In IO 
0 0  
m a  
m m  

1 1  
. .  

O M  
m c o  
3 w  
c o t -  
0 0  . .  

r- cI1 

4 3  

IO 

d 
m 
a> 

m 
CP 
CP 
m 

m 
m 
cy 
w 

1 

In 
m 
m 
4 

T 

ln 
0, 

3 

co 
r- 
I 

O 
0 1  
co 
0 
N 

In 
co 
W 
3 

CO 

v 
0 In 

3 

hl 
0 

N 
I 

ln 
r- 
hl 
3 

4 

co 
N 

t- 
N 
O 

I 

0 
Q) 
0 
m 
N 

c o c o  
0 0  
In In 
4 3  

0 0  

m m  
C y - r  
C D W  

. .  

9 - r  
M m  
in IO 

m m  
. .  

1 1  

C D a  
-1' w 
0 0  
m m  . .  

V T  

W C D  
. .  

0 0  
@1 N 
c o w  

I I  

0 0  
0 0  
I n 0  
m In 
C J r i  

v) z 
0 

I- 
U 
I- = 
p. 
=E 
0 
0 

- 



BELLCOMM, I N C .  

A P P E N D I X  A 

Coordinate  Axes and Pla t form Alignment 

I n t r o d u c t i o n  

The n a v i g a t i o n  s y s t e m  u s e s  two coord ina te  s y s t e m s .  One 
i s  a mean equinox and equator  s y s t e m  w i t h  epoch as t h e  n e a r e s t  
Besse l i an  N e w  Year, and t h e  o t h e r  t h e  s tab le  member c o o r d i n a t e  
s y s t e m ,  a l i g n e d  f o r  ease of  use o f  t h e  F l i g h t  D i r e c t o r  A t t i t u d e  
I n d i c a t o r  (FDAI) instrument  and w i t h  c o n s i d e r a t i o n  g iven  t o  such 
matters as gimbal lock  of the  p l a t f o r m  and a c c u r a c i e s  o f  t h e  i n -  
d i v i d u a l  gyroscopes and acce lerometers  mounted on t h e  s t ab le  
member. The c a l c u l a t i o n  of t h e  d i r e c t i o n  c o s i n e s  between t h e s e  
two coord ina te  systems (MIT/IL c a l l s  t h e  ma t r ix  of d i r e c t i o n  
c o s i n e s  REFSMAT) i s  of fundamental i n t e r e s t ,  and i s  cons ide red  i n  
t h i s  appendix.  

v e l o c i t y  v e c t o r s  i n  a t r u e  equinox and e q u a t o r  s y s t e m ,  g iven  geo- 
d e t i c  l a t i t u d e ,  l ong i tude ,  a l t i t u d e ,  azimuth and t h e  epoch f o r  
which t h e y  apply .  The second s e c t i o n  d i s c u s s e s  n u t a t i o n  e f f e c t s ,  
showing how t o  convert  p o s i t i o n  and v e l o c i t y  from t r u e  equinox 
and e q u a t o r  axes  t o  mean equinox and e q u a t o r  axes  ( a t  t h e  same 
epoch) .  The t h i r d  s e c t i o n  d i s c u s s e s  p r e c e s s i o n ,  showing how t o  
conve r t  from mean equinox and e q u a t o r  axes  a t  t h e  g iven  epoch t o  
t h e  r e f e r e n c e  i n e r t i a l  axes (which a re  t h e  mean equinox and 
e q u a t o r  axes  a t  t h e  n e a r e s t  Besse l i an  N e w  Year epoch, as no ted  
above) .  
t i m e  and t h e  f i f t h  s e c t i o n  shows how p l a t f o r m  alignment i s  com- 
puted,.  and g i v e s  sample c a l c u l a t i o n s .  

The f i r s t  s e c t i o n  shows how t o  c a l c u l a t e  p o s i t i o n  and 

The f o u r t h  s e c t i o n  d i s c u s s e s  u n i v e r s a l  and ephemeris 

Since t h e  Besse l ian  N e w  Year axes are t o  be used f o r  
mis s ions  which occur  w i t h i n  a ha l f  year of t h e  Besse l i an  N e w  
Year, t h e  s i x t h  s e c t i o n  shows how much t h i s  may a f f e c t  n a v i g a t i o n  
accuracy .  These r e s u l t s  a r e  compared w i t h  t h e  t echn iques  t o  be 
used by  MIT/IL C181 t o  determine t r u e  e q u a t o r  and equinox coord i -  
n a t e s .  

The d i s t i n c t i o n  between t r u e  e q u a t o r  and equinox of 
p r e s e n t  i n s t a n t  and mean equinox and e q u a t o r  a t  t h e  Besse l i an  New 
Year i s  impor tan t  i n  two a r e a s :  ( a )  g r a v i t y ,  as a f f e c t e d  by 
o b l a t e n e s s ,  r e q u i r e s  knowledge of t h e  d i r e c t i o n  of t h e  t r u e  North 
Polr of t he  ea r th ,  ( b )  computations of  l ong i tude  and l a t i t u d e  
r e q u i r e  t r u e  coord ina te s  (p lus  Greenwich Hour Angle) f o r  a c c u r a t e  
computat ions.  
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P o s i t i o n  and Ve loc i ty  i n  True Equator and Equinox Axes 

Consider how and a r e  determined given e a r t h  f i x e d  
p o s i t i o n .  Suppose t h e  i g n i t i o n  p o s i t i o n  and v e l o c i t y  are  g iven  
as  g e o d e t i c  l a t i t u d e  4 ,  longi tude  A ,  a l t i t u d e  H ,  v e l o c i t y  magni- 
t ude  V,  f l i g h t  p a t h  ang le  y ,  and azimuth Eas t  from t r u e  North $, 
where s t anda rd  d e f i n i t i o n s  [lo] are used.  L e t  t h e  r e t r o f i r e  (and 
al ignment  epoch) J u l i a n  d a t e  of midnight be d ,  p l u s  t seconds 
a f t e r  midnight .  

I n  a mean equinox s y s t e m  of da t e  d ,  t h e  Greenwich mean 
hour ang le  ( t h e  angle  between t h e  mean equinox o f  da te  d and t h e  

Greenwich meridian a t  Oh U .T . )  i s  given b y  Newcomb's formula 
[13, p 753: i n  terms of  degrees  w i t h  J an  0 . 0 ,  1950 ( J . D .  
2433281.5) as t h e  r e f e r e n c e  epoch, t h i s  formula i s  

GMHA = 99O.08989513 t Oo.9856473460d t 2O.90151 x 1 0  -13 d 2  

where d i s  t h e  i n t e g r a l  member of  d a y s  s i n c e  t h e  r e f e r e n c e  epoch 
(and r e fe r s  t o  Oh U.T.  a t  t h e  s p e c i f i e d  epoch) .  

To t h i s  must be added t h e  r o t a t i o n a l  e f f e c t  o f  t h e  
e a r t h .  I t s  s ide rea l  ( i n e r t i a l )  r a t e  i s  g iven  by 

deg/sec 360 
86164.09972 t 0 . 0 4 4 9  x d 

o =  

where d i s  as above. T h i s  formula can be given a l s o  i n  t h e  form 

w = (360.985608784 - 1.8811 x 10 -lo d ) / 8 6 4 0 0  deg/sec 

The sum o f  GMHA and u t  i s  then  t h e  long i tude  between 
Since l a t i t u d e  and t h e  mean equinox a t  Oh and Greenwich a t  t .  

l o n g i t u d e  a re  r e f e r r e d  t o  t h e  t r u e  equa to r  and p o l e ,  it i s  
necessa ry  t o  account f o r  t h e  d i f fe rence  between t h e  mean equinox 
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h a t  0 and t h e  t r u e  equinox a t  t .  T h i s  i s  caused by n u t a t i o n  
(d i scussed  l a t e r  i n  t h i s  appendix) and by t h e  motion of  t h e  
mean equinox. 

The motion of t h e  mean equinox i s  c l o s e l y  approximated 
f o r  s h o r t  i n t e r v a l s  by t h e  angle  m (d i scussed  l a t e r ) .  While t h e  
l a t e r  d i s c u s s i o n  g ives  m on an annual  bas i s  (365 .25  d a y s )  t h e  
d a i l y  r a t e  i s  

m = 0°.00003506 + 5 O  .8089 x lo- '  D deg/day 

4 where D = d/10 and d i s  measured from 1950.0 ( J . D .  2433281.5). 
S ince  t h e  motion of  t h e  mean equinox i s  r e t r o g r a d e ,  t h e  va lue  
f o r  m f o r  t h e  f r a c t i o n a l  p a r t  of t h e  day should  be added t o  t h e  
GMHA computed from t h e  above formula.  

The d i f f e r e n c e  i n  r i g h t  a scens ion  between t h e  mean 
and t r u e  equinox i s  t h e  "equation of t h e  equinoxes",  a l s o  d i s -  
cussed l a t e r .  It can b e  computed, bu t  i s  bes t  found by i n t e r -  
p o l a t i o n  ( f o r  t h e  f r a c t i o n a l  p a r t  of  t h e  day r e q u i r e d )  between 
va lues  found i n  t h e  American Ephemeris (Un ive r sa l  and S i d e r e a l  
Time T a b l e ) .  The va lue  found a l s o  should be  added t o  GMHA. 

The r e s u l t  of  t h e s e  two c o r r e c t i o n s  may be c a l l e d  
GTHA, Greenwich True Hour Angle. 

The GTHA be ing  known, t h e  formulas  t o  be used t o  corn- 
p u t e  t h e  p o s i t i o n  and v e l o c i t y  i n  t r u e  equinox coord ina te s  w i t h  
epoch d and t are as fo l lows :  

Coordinates  of  t h e  sub-vehicle p o i n t  i n  t h e  l o c a l  meridian 
p l a n e  

-1/2 
u = a[1 + ( b  t a n  + / a ) 2 ]  

v = u(b /a )*  t a n  $ 

where a and b a re  t h e  major and minor axes of  t h e  r e f e r e n c e  
e a r t h  e l l i p s o i d .  C91 
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Coordinates  of  t h e  veh ic l e  i n  t h e  l o c a l  meridian p l a n e  

w = u + H c o s +  z = v + h s i n  $I 

Coordinates  of t h e  veh ic l e  i n  t h e  e q u a t o r i a l  p lane  

x = w C O S  ( A  t u t  + GTHA)  

y = w s i n  ( A  t u t  t GTHA) 

i s  t h e  t r i a d  ( x , y , z ) .  
d , t  

The v e c t o r  p o s i t i o n  

D i r e c t i o n  cos ines  between up, East ,  North axes  a t  t h e  
v e h i c l e  p o s i t i o n  and t r u e  equinox axes  o f  d , t  

X 

M = Y  

Z 

UP EAST NORTH 

where North Pole = (0,0,1) 

i s  g iven  by 
d ,t Then t h e  v e l o c i t y  v e c t o r  v 

- 
d ,t 

v 
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Note t h a t  t h e  p o s i t i o n  c a l c u l a t i o n  p l a c e s  t h e  a l t i t u d e  
a l o n g  t h e  z e n i t h  r a y ,  which i s  pe rpend icu la r  t o  t h e  r e f e r e n c e  
e l l i p s o i d  a t  t h e  sub-vehicle p o i n t :  h o r i z o n t a l  t h e n  means tan-  
gent  t o  t h e  r e f e r e n c e  e l l i p s o i d ,  not pe rpend icu la r  t o  t h e  r a d i u s  
v e c t o r .  Conversely,  h o r i z o n t a l  f o r  v e l o c i t y  does mean perpendi-  
c u l a r  t o  t h e  r a d i u s  v e c t o r ,  and does not  involve  t h e  e l l i p s o i d .  
T h i s  i ncons i s t ency  i s  p a r t  of the s t a n d a r d s .  

Nuta t ion  

Nuta t ion  i s  t h e  somewhat i r r e g u l a r  c i r c u l a r  motion o f  
t h e  t r u e  po le  about t h e  mean p o l e ,  and has a p e r i o d  of  about 
1 8 . 6  yea r s  and a n  ampli tude of about 9 " . 2 l .  It depends a great  
d e a l  upon t h e  long i tude  of t h e  node of t h e  Moon's o r b i t ,  which 
has t h e  pe r iod  and ampli tude noted .  

Nuta t ion  e f f e c t s  are desc r ibed  by t h r e e  ang le s ,  A $  t h e  
n u t a t i o n  i n  l o n g i t u d e ,  A E  the  n u t a t i o n  i n  o b l i q u i t y  and E t h e  
o b l i q u i t y  angle  (see Figure  A - 1 ) .  The Astronomical Ephemeris 
[ll] (or o t h e r  ephemerides,  such as t h e  J P L  tapes  used as Apollo 
Program Standards)  l i s t s  A $  i n  t h e  Sun t a b l e s ,  g ives  A $  cos E 
( t h e  "equat ion of  t h e  equinoxes", o r  n u t a t i o n  i n  r i g h t  a scens ion )  
i n  t h e  Universa l  and S ide rea l  Time t ab le s .  The computation of A $  
and A E  i nvo lves  f i v e  ang le s  (!L,II',F,D,R) and i s  of  t h e  form 

A $  = ;(ai+ b iT)  
1 

S i n  (c i& + d .E '  
1 

+ e . F  
1 

+ f i D  

A E  = ; (a '  + bf T )  Cos (ciII + dill' + e . F  f f . D  + g . 0 )  1 1  1 1 1 

where T i s  t h e  number of  J u l i a n  c e n t u r i e s  s i n c e  1900, and 
a ,  a' ,  b ,  b ' ,  c y  d ,  e ,  f ,  g a r e  c o e f f i c i e n t s  g iven  i n  t ab le  2.5 
of  r e f e r e n c e  1 3 .  Formulas f o r  E, II', F ,  D ,  R are given t h e r e .  
The o b l i q u i t y  ang le  formula i s  as given above. 

and s h o r t  p e r i o d  terms,  with t h e  s h o r t e s t  pe r iod  be ing  some 5 . 5  
days .  Pe rusa l  of t h e  t a b l e s  c i t e d  show t h e  day t o  day  v a r i a t i o n  
i n  A $  t o  be l e s s  t h a n  O ' I . 2 ,  and of A E  t o  be  l ess  t h a n  0 " . 0 5 .  

These n u t a t i o n  terms involve  both  long  pe r iod  terms 
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The m a t r i x  of d i r e c t i o n  cos ines  t o  b e  used i s  

xT 

N = YT 

z T  

and t h i s  can be used t o  convert  between a t r u e  equinox and equa- 
t o r  coord ina te  system (XTYTZT) and a mean equinox and equator  
coord ina te  system (XmYmZm) f o r  t he  t i m e  s p e c i f i e d .  
i s  no t  a p e r f e c t l y  orthonormal mat r ix ,  as  d i r e c t i o n  cos ine  
m a t r i c e s  should b e ,  bu t  t h e  e r r o r  i s  t r i v i a l .  The mat r ix  has 
t h e  sense  def ined  by t h e  equat ion  

T h i s  ma t r ix  

- - - - 
R t r u e  equinox Rmean equinox 

of  da te  of da te  

P recess ion  E f f e c t s  

It remains t o  convert  t o  t h e  Besse l i an  New Year mean 
equinox system. The v a r i a t i o n s  are  t h o s e  due t o  p r e c e s s i o n .  

"General" p recess ion  i s  t h e  motion o f  t h e  mean po le s  
of  t h e  equa to r  and e c l i p t i c .  It i s  caused b y  l u n i - s o l a r  p r e -  
c e s s i o n  (a  smooth r e t rog rade  motion of pe r iod  some 2 6 , 0 0 0  years ,  
due t o  t h e  g r a v i t a t i o n a l  a c t i o n  of  t h e  Sun and Moon on t h e  
e q u a t o r i a l  bulge o f  t h e  E a r t h )  and by p l a n e t a r y  p recess ion  ( t h e  
e f f e c t s  of t h e  p l a n e t s  on t h e  o r b i t  p l ane  of  t h e  E a r t h ) .  
e f f e c t  i s  given by th ree  Euler ian  a n g l e s  ( c o y  0 ,  z )  r e l a t i n g  

The 
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mean equinox axes  of some da te  t 
of  some l a t e r  date  t ( X Y Z )  (see Figure  A-2). The d i r e c t i o n  c o s i n e s  
between these  axes  a re  

( X o Y o Z o )  t o  mean equinox axes  
0 

X 

P = Y  

Z 

Here to r e p r e s e n t s  t h e  Besse l ian  New Year, and t t h e  da t e  of  
i n t e r e s t ,  and Et = P EBNy(to). 

The ang le s  a r e  given by Newcomb's formulas ,  here con- 
v e r t e d  to degrees and days  s i n c e  Jan .  0 . 0 ,  1950 ( J . D .  2433281.5). 
d and do should i n c l u d e  f r a c t i o n a l  p a r t s  of  days  i n  these  
formulas .  

J . D .  I n i t i a l  Epoch to: 2433281.5 + do * J . D .  F i n a l  Epoch, t: 

2433281.5 + do t d 

4 D = d/10 

= (OO.175 298 3 + 29.0694 x D ) D + 6.289 x 10 -6 D2 
C O O  0 

-6 ,3 + 0.1025 x 10 
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-6 D2 z o  = 5, + 16.4694 x 10 

e o  = (0.152 4946 - 17.761 x Do) D 

-6 D2 - 0.2394 x 10 -6 D3 - 8.869 x 10 

Because t h e  ang le s  are small, approximations are q u i t e  
a c c u r a t e  f o r  t h e  d i r e c t i o n  cos ines .  Fo r  t h e  i n i t i a l  and f i n a l  
epochs as computed above, t h e  approximations a r e  

(Xo,X) - 1 = -10-8{(2226.056 t 0.534 Do)D2 + 0.2668 D3> 

(Yo,X) = -(Xo,Y) = -10-8((611906.556 t 101.573 Do)D 

t 13.874 D2 - 4.5357 D3) 

(Zo,X) = -(Xo,Z) = -10-8((266039.907 - 31.034 Do)D 

2 - 15.517 D - 1.9703 D3) 

(Yo,Y) - 1 = -10-8{(1872.163 t 0.616 Do)D2 + 0.3078 D3> 
I 

(Yo,Z) = + (Zo,Y) = -10-8((813.932 t 0.041 Do)D2) 

( Z o y Z )  - 1 = -10-8((353.893 - 0.082 Do)D2) 

The above i s  s a t i s f a c t o r y  f o r  long  term u s e .  
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Approximate formulas f o r  p recess ion  ang le s  se rve  w e l l  
The s i t u a t i o n  i s  f o r  i n t e r v a l s  of t h e  o r d e r  o f  a year or ' less .  

r e p r e s e n t e d  i n  Figure A-3, which shows c l e a r l y  t h a t  l u n i - s o l a r  
p r e c e s s i o n  i s  a long  t h e  e c l i p t i c  w h i l e  p l a n e t a r y  p r e c e s s i o n  i s  
a long  t h e  equa to r .  
(365.25 days )  changes i n  t h e  a n g l e s  ( i n  degrees)  u s i n g  t h e  epoch 
1950.0 (J.D. 2433281.5) as t h e  r e f e r e n c e  epoch, and D = d x 
d = t h e  number of  d a y s  s i n c e  t h a t  epoch 

The fo l lowing  formulas  g ive  t h e  annual  

$ '  = OO.013 9929 + OO.38029 x D 

A '  = 32O.029 x - 1O.43059 x D 

p = OO.013 9635 + 1O.6883 x D 

m = OO.012 8056 + 2O.1217 x D 

n = OO.005 5675 + 0' .6525 x D 

and t h e  o b l i q u i t y  i s  

E = 23O.445 788 - OO.003 563 D - OO.06632 x 1 0  -6 D2 

t Oo.01032 x D3 

T i m e  - 
Common t i m e  i s  a c t u a l l y  "UT2", which i s  a mathematical ,  

n e a r l y  uniformly f lowing p r e d i c t i o n  of Universa l  t i m e ,  and which 
i s  a l s o  known as Greenwich Mean Time and Greenwich C i v i l  T ime  
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h ( 0  being  a t  midn igh t ) .  It must be d i s t i n g u i s h e d  from Greenwich 
Mean Astronomical T ime  ( G M A T )  which begins  a t  noon, and proceeds  
a t  t h e  same r a t e  as u n i v e r s a l  t ime. Ephemeris T i m e  i s  a l s o  used ,  
be ing  necessary  f o r  t h e  JPL  Ephemerides f o r  example, and i s  re -  
l a t e d  t o  UT by t h e  formula 

E.T.  = U.T t AT 

E . T .  i s  t h e  t i m e  used i n  c e l e s t i a l  mechanics computations and 
f lows a b s o l u t e l y  smoothly, w h i l e  UT v a r i e s  as t h e  e a r t h  wobbles. 
The c o r r e c t i o n  AT i s  determined e m p i r i c i a l l y  pos t  f a c t o  annua l ly .  
P r e d i c t i o n s  are a v a i l a b l e  i n  t h e  American Ephemeris t o  t h e  near-  
e s t  second o f  t i m e  (36' f o r  1966.5) .  

The d i s t i n c t i o n  i s  unimportant f o r  t h e  p r e s e n t  app l i ca -  
t i o n ,  none of t h e  q u a n t i t i e s  va ry ing  r a p i d l y  enough to make any 
d i f f e r e n c e .  It becomes important only i n  l o c a t i n g  t h e  moon, 
which moves about 2 4  mi les  i n  36 seconds.  

P la t form Alignment 

Consider now thealignment of  t h e  s t ab le  member. Funda- 
mental  q u a n t i t i e s  are t h e  vec to r  p o s i t i o n  E, v e l o c i t y  and t i m e  
t of  i g n i t i o n  of deboost r e t r o f i r e ,  which are p r e d i c t e d  w e l l  
ahead of  t h e  even t .  The p l a t fo rm i s  t o  b e  a l i g n e d  s o  XSM ( s t ab le  
member X a x i s )  i s  approximately oppos i t e  t o  t h e  t h r u s t  v e c t o r  a t  
t h i s  i n s t a n t  and so  t h e  horizon appears  l e v e l  i n  t h e  window of  
t h e  s p a c e c r a f t  w i t h  a "look angle"  f o r  t h e  p i l o t  o f  31.7".  Align- 
ment i s  to i n c l u d e  t h r u s t  misalignment ang le s  CGY and C G Z  which 
are  ang le s  ( p o s i t i v e  i n  t h e  r igh t  hand sense )  by which t h e  engine 
nozz le  must be  r o t a t e d  r e l a t i v e  to t h e  s p a c e c r a f t  t o  pu t  t h e  
t h r u s t  through t h e  s p a c e c r a f t ,  c . g . ,  (see Figure  A-4). Figure  A-5 
shows t h e  v e c t o r s  a s s o c i a t e d  w i t h  a l ignment .  A t  t h e  l e f t  i n  t h i s  
f i g u r e  i s  t h e  v e c t o r  t o  the e a r t h ' s  hor izon .  31.7" below t h i s  
must l i e  a s c r i b e d  h o r i z o n t a l  l i n e  on t h e  CM window, s o  t h e  p i l o t  
w i l l  see t h e  hor izon  merging w i t h  t h e  l i n e .  T h i s  would b e  a l l  o f  
t h e  informat ion  needed except f o r  t h e  p i t c h  and yaw t r i m  gimbal 
a n g l e s .  The t h r u s t  v e c t o r  must  be i n  t h e  o r b i t  p l ane  and i s  t h u s  
above t h e  s c r i b e d  l i n e  b y  t h e  ang le  C G Y .  To accommodate t h e  yaw 
ang le  C G Z ,  w h i l e  keeping t h e  t h r u s t  i n  t h e  o r b i t  p l a n e ,  t h e  space- 
c r a f t  X a x i s  i s  put  ou t  o f  plane by t h e  yaw angle  C G Z .  T h i s  
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t h e o r e t i c a l l y  p u t s  t h e  h ighes t  p o i n t  of  t h e  hor izon  o f f  t h e  c e n t e r  
of t h e  s c r i b e d  l i n e ,  bu t  t h e  a c t u a l  e f f e c t  i s  r e l a t i v e l y  n i l ,  t h e  
hor izon  be ing  r e l a t i v e l y  f l a t .  

To keep t h e  FDA1 on dead c e n t e r  (0' i n  p i t c h ,  yaw,  and 
roll) which p e r m i t s  easy  manual a t t i t u d e  monitor ing or c o n t r o l ,  
t h e  p l a t fo rm i s  a l i g n e d  w i t h  t h e  s p a c e c r a f t ,  except  t h a t  t h e  X and 
Y axes  a r e  o p p o s i t e l y  d i r e c t e d  between t h e  s p a c e c r a f t  and p l a t -  
form. 

The computat ional  formulas 

Forward h o r i z o n t a l  vec tor  iH 

- 
= u n i t  [ ( R  x V) x R3 IH 

t h r u s t  angle  4 

are  C171 

( a t  i g n i t i o n )  

RE = 20909869.1 f t .  

t h r u s t  v e c t o r  TS 

- - 
TS = - u n i t  [R] cos  0 - lH s i n  4 . 

Approximate Axes E, E, 

- - 
L = TS 

- 
M = u n i t  ( E  x E) p l u s  f o r  heads up ( S P S ) ,  

minus f o r  heads down ( R C S )  
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Spacec ra f t  and S t a b l e  Member Axes 

- - - rsm = u n i t  [E + s i n  CGY - s i n  C G Z ]  'SCD 

Alignment m a t r i x  REFSMAT 

such t h a t  RB and EsM ( p o s i t i o n  i n  B e s s e l i a n  and S t a b l e  mem- 
b e r  a x e s )  are re la ted by 

- 
= [REFSMAT] EB RSM 

Sample Numerical Data 

c e s s i o n  m a t r i c e s  P,  and t h e  product m a t r i x  NP, and the  p l a t f o r m  
a l ignment  m a t r i x  REFSMAT for three dates of i n t e r e s t .  
i s  f o r  t h e  r e t r o f i r e  t i m e  (and l o c a t i o n )  as g iven  i n  t h e  AS-204 
O p e r a t i o n a l  T r a j e c t o r y  (December 1 5 t h ) .  

Tables  1-1, 2 ,  3 show sample n u t a t i o n  m a t r i c e s  N ,  p re -  

T a b l e  1-1 
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Table  1-2 i s  f o r  Ju ly ,  1966, about  6 months be fo re  
t h e  Besselian N e w  Year, and Table 1-3 i s  for June 13, 1967, 
about  6 months a f t e r  the Besse l i an  N e w  Year. 

I n  these  m a t r i c e s ,  t he  small numbers o f f  t h e  d i agona l  
can be cons idered  as ang le s  o f  r o t a t i o n  ( i n  r a d i a n s )  between t h e  
axes  no ted ,  w i t h  t h e  gene ra l  format  g iven  by t h e  w e l l  known m a t r i x  
f o r  small r o t a t i o n s  

The largest o f  t h e s e  a n g l e s  i n  t h e  combined n u t a t i o n -  
p r e c e s s i o n  ma t r ix  i s  0.00015676 r a d i a n s  (0.00898O) and i s  about  
t h e  Pole  a x i s .  If it were neg lec t ed ,  l ong i tude  would be i n  e r r o r  

e r r o r  o f  some 0.538 NM o r  3220 f e e t ,  a va lue  which i s  grea te r  
than t h e  e r r o r s  expec ted  o f  t h e  MSFN s y s t e m .  S i m i l a r l y ,  t h e  
g r e a t e s t  l a t i t u d e  e r r o r  i s  0.0000681 r a d i a n s  (0.0039')  e q u i v a l e n t  
t o  about  0.234 NM o r  1450 f e e t .  Therefore ,  i t  i s  r easonab le  t o  
i n c l u d e  p recess ion  and n u t a t i o n  when conve r t ing  from l o n g i t u d e  
and l a t i t u d e  t o  p o s i t i o n  components XYZ.  For  t h e  i n v e r s e  con- 
v e r s i o n  from XYZ components t o  l ong i tude  and l a t i t u d e  f o r  i n f o r -  
mat ion purposes  t o  t h e  f l i g h t  crew, t h e  e r r o r  i s  b a r e l y  capable  
of  b e i n g  d i s p l a y e d  on t h e  DSKY, and may w e l l  b e  neg lec t ed .  

by t .h j r  z m ~ n n t ,  yf?ich is ~ q n i ~ . ~ z d ~ p t .  t . ~  2~ Ezst-W~~t p ~ s i t i h ~  

The guidance computer performs i t s  nav iga t ion  f u n c t i o n s  

a x i s  a t  t h e  p r e s e n t  i n s t a n t .  That  i s ,  t he  t r u e  p o l a r  a x i s  i s  re- 
p r e s e n t e d  as the  v e c t o r  ( O , O , l ) .  On December 15 ,  1966,  t h e  more 
a c c u r a t e  r e p r e s e n t a t i o n  i s  (-2.7393-5, 2.912-5, l.O), which i n d i -  
c a t e s  a t o t a l  ang le  between t h e  two axes  o f  0.0000478 r a d i a n s  
(0.00273O). 
i s  neve r  more t h a n  0.00162 times t h e  p r i n c i p a l  p a r t ,  f o r  a t o t a l  
e r ror  o f  some 0.000000045 times t h e  p r i n c i p a l  par t  of g r a v i t y  i n  
t h e  X and Y d i r e c t i o n s .  This i s  t r i f l i n g :  t h e  assumption i s  
c e r t a i n t y  j u s t i f i a b l e .  

= u s i n g  t h e  Mean Pole  a t  t h e  Besse l lan  N e w  Year as t h e  t r u e  p o l a r  

This  a f fec ts  the  o b l a t e n e s s  te rm i n  g r a v i t y ,  which 
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Comparison w i t h  Computer Software Methods 

c r a f t  computer are  g iven  i n  r e f e r e n c e  18 .  It reduces  t o  t h e  
fo l lowing  formulas:  

The methods used i n  t h e  program f o r  t h e  AS-204 space- 

where: "AZo i s  t h e  ang le  between t h e  X-axis and t h e  Greenwich 
Meridian a t  0 on J u l y  1, 1966 , "  t i s  t h e  t i m e  s i n c e  
t h e n  and " w  i s  t h e  angu la r  ra te  o f  t h e  e a r t h . "  

h 

Ax and A a r e  small ang le s  about  t he  X and Y axes  due Y 
t o  p recess ion  and n u t a t i o n .  E, a u n i t  v e c t o r  p a r a l l e l  t o  pre-  
s e n t  p o s i t i o n ,  measured i n  t r u e  ear th  c o o r d i n a t e s ,  i s  g iven  by 

1 

-Ax 

1 0 

0 1 

AX 1 i -A 
- Y  

- 1 
J 

u - = U N I T  

where r i s  the  p o s i t i o n  v e c t o r  measured i n  Besse l i an  N e w  Year 
mean coord ina te s .  

Then 

2 U 

L a t  = tan-' 2 
/u 0 + u; (b / a )2  

Long = t a n  -1 (9) - AZ 
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A l t  = r - r e 

O r ,  converse ly ,  

u = U N I T  r - 

0 

1 

-A 
X 

-Ayl 1 
1 -1 

r - = (re + A l t )  gr 

2 b L a t i t u d e  i s  geode t i c  l a t i t u d e :  t h e  t e r m  'I(;) t a n  L a t "  
e q u a l s  t h e  t angen t  of t h e  geocen t r i c  l a t i t u d e .  Comparing t h e  
formulas  concern ing  a l t i t u d e  w i t h  t h o s e  g iven  e a r l i e r  i n  t h i s  
appendix,  i t  i s  seen  t h a t  a l t i t u d e  i s  not  t r e a t e d  c o r r e c t l y .  The  
p r e s e n t  formulas  assume t h a t  a l t i t u d e  i s  measured a long  t h e  
r a d i u s  v e c t o r  and i s  t h e  d i f f e r e n c e  between t h e  r a d i u s  and t h e  
d i s t a n c e  a long  t h e  r a d i u s  vec to r  t o  t h e  r e f e r e n c e  e l l i p s o i d .  
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C o r r e c t l y ,  a l t i t u d e  i s  measured a long  a p e r p e n d i c u l a r  t o  t h e  
r e f e r e n c e  e l l i p s o i d  from t h e  sub-vehic le  p o i n t  t o  t h e  v e h i c l e ,  
The e r r o r  i s  ze ro  a t  ze ro  a l t i t u d e ,  i s  l e s s  t h a n  2 , 0 0 0  f e e t  a t  
1 0 0  NM bu t  may b e  as l a r g e  as 3 . 6  m i l l i o n  f ee t  a t  l u n a r  d i s t a n c e s  
(be ing  z e r o  a t  0' and 90' l a t i t u d e  and maximum a t  45' l a t i t u d e ) .  
S ince  the  on ly  use  o f  t h e  r o u t i n e  t o  conve r t  l a t i t u d e ,  l o n g i t u d e  
and a l t i t u d e  t o  XYZ coord ina te s  i s  a t  t h e  launch  pad ( a t  l e a s t  
t o  t h e  w r i t e r s '  knowledge), t h e  r o u t i n e  i s  s a t i s f a c t o r y .  Use 
f o r  h igh  a l t i t u d e s  should  be cons ide red  c a r e f u l l y ,  and g e n e r a l l y  
d iscouraged .  

Note t h a t  t h e  "precess ion  n u t a t i o n "  m a t r i x  used i n  t h e  
so f tware  i g n o r e s  t h e  r o t a t i o n  about t h e  p o l e .  T h i s  i s  s a t i s f a c -  
t o r y  i f  t h e  ang le  AZ i nc ludes  t h e  e f f e c t .  
apparent  c a s e ,  t h e n  A Z  must b e  t h e  angle  between t h e  mean equi -  
nox a t  t h e  B e s s e l i a n  New Year and t r u e  Greenwich a t  t h e  p r e s e n t  
i n s t a n t ,  and t h e  r o t a t i o n a l  rate w must b e  t h e  s iderea l  r a t e  of  
t h e  ear th  ( i n c l u d i n g  i t s  annual mot ion) .  

With such be ing  t h e  

The ang le  AZO i s  computed by f i n d i n g  GTHA ( t h u s  i n c l u d -  
h i n g  n u t a t i o n )  a t  0 , J u l y  1, 1966 and t h e n  adding  t h e  p r e c e s s i o n  

angle  i n  r i g h t  a scens ion  between J u l y  1 and t h e  Besse l i an  
N e w  Year. 
24'.195 = 278O.6008125. The i n t e r v a l  between O h 2  J u l y  1, 1966 
( J . D .  2439307.5) and t h e  Besse l i an  N e w  Year ( J . D .  2439491.541) 
I s  184.041 days.  Taking a t r o p i c a l  year  as 365d.24220284 (1966) ,  
and t h e  p r e c e s s i o n  i n  r i g h t  ascens ion  as 3'.07357 (1966) p e r  
t r o p i c a l  year ,  t h e n  t h e  c o r r e c t i o n  i s  1'. 548733667 o r  0' .0064530. 

The 1966 Almanac g ives  t h i s  GTHA as 18h 34m 

i s  t h e r e f o r e  278O.6072655. 
A Z O  

T h i s  t echnique  succeeds because t h e  n u t a t i o n a l  r o t a t i o n  
about  t h e  p o l e  changes only  above 1 x 
year ,  and i s  approximated i n  t h e  formula by t h e  va lue  a t  J u l y  1, 
1966. 

r a d i a n s  du r ing  t h e  

I n  computing u t  over such a long  t i m e ,  c a r e  must be 
g iven  t o  ma in ta in ing  accuracy. 
i s  361.008317236 de rees/day and, w i t h  t i n  days ,  and neglec-  
t i n g  m u l t i p l e s  of 3 t Oo i n  t h e  r e s u l t ,  u t  i s  bes t  w r i t t e n  as 

The a n g u l a r  r a t e  o f  t h e  e a r t h  (1966)  

u t  = 1.008317236 ( i n t e g r a l  number o f  d a y s )  

+ 361.008317236 ( f r a c t i o n a l  number of d a y s )  
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1.0 +5 2993-5 True Eqnx 

True Y -5 2993-5 1.0 

True Pole  -2.2983-5 +2.912E-5 

TABLE 1-1 

- -__ 

+2 2983-5 

-2.9123-5 

1.0 

Sample Matr ices  

Mean Eqnx 1 . 0  +1.014E-5 

Mean Y -1.014E-5 1 . 0  

Mean Pole -0.4413-5 0 
, 

Alignment Epoch: J . D .  2439474.5 + 408Ols.92 a f t e r  Oh u . t .  
(1966, December 15, llh, 20m, lS.92) 

B e s s e l i a n  N e w  Year: J . D .  2439491.541 ( J a n .  1.041, 1967) 

GMHA = 83O.20393, GTHA = 83°.20089, a t  alignment epoch 

+O. 4413-5 

0 

1.0 

Precess ion  M a t r i x  

= N  

= P  
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True  Eqnx 1 . 0  

True Y -6.3133-5 

True Pole  -2.7393-5 

Nutat ion-Precession M a t r i x  

t6.3133-5 +2 7393-5 

1 . 0  -2.9123-5 = NP 

t2.9123-5 1 . 0  

-9714355536 

-. 502161466 

-.'-I87370528 

Pla t form Alignment M a t r i x  (REFSMAT) 

t.575903475 +a397531595 

-. 026228430 -.864376038 

-.817096852 +a307932954 

\ B.N.Y.  
S t a b l e  
Member 

SMX 

SMY 

SMZ 



TABLE 1-2 

Sample Mat r i ces  

Alignment Epoch: J . D .  2439324.5 + 408Ols.92 a f t e r  Oh u . t .  
(1966, J u l y  llh, 20m, 1 2 . 9 2 )  

B e s s e l i a n  N e w  Year: J . D .  2439491.541 ( J a n  1 . 0 4 1 ,  1967) 

Nutat ion Matr ix  

Mean Eqnx Mean Y Mean Pole 

True Eqnx 1 . 0  t5.4833-5 +2.378E-5 

j i True Y 1-5.4833-5 1 1 .0  -2.5563-5 

True Pole  -2.3783-5 t2.5563-5 1 . 0  
1 

Precess ion  Matr ix  

B . N . Y .  

Alignment \ Mean Eqnx Mean Y Mean Pole 

Mean Eqnx I 1 . 0  1 t 1 0 .  1933-5 

Mean Y I-10.1933-5 . I 1 . 0  I 0 I 
0 I 1.0 I Mean P o l e  I - 4.4333-5 I 
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1.0 

-15.6763-5 

- 6.8113-5 

Alignment \ 
t15.676E-5 +6.810E-5 

1 . 0  -2.556E-5 

t 2.5563-5 , 1 . 0  

True Eqnx 

True Y 

True Pole  

+.911247484 

+. 411252916 

-.022340206 

Nut a t  ion-  Prece s s i  on Matr ix  

-.lo7313814 +.397632740 

+.289453253 -.864342444 

+.951157495 +.307896663 

B . N . Y .  

Mean Eqnx Mean Y Mean Pole  

P l a t f o r m  Alignment Matr ix  (REFSMAT) 

B.N.Y. \ Mean Eqnx Mean Y Mean P o l e  
S t  ab le 
Member 

SMX 

SMY 

S M Z  
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-4.3363-5 

-1.8803-5 

TABLE 1-3 

1 . 0  -3.4203-5 

+3.420E-5 1 . 0  

Sample Mat r i ces  

Mean Eqnx 

Mean Y 

Mean Pole  

Alignment Epoch: J . D .  2439654.5 + 408Ols.92 a f t e r  O h  u . t .  
(1967, June 1 3 ,  llh, 20m, l S . 9 2 )  

1.0 -io.o00~-5 -4.3493-5 

+10.000~-5 . 1.0 0 

+ 4.3493-5 0 1.0 

Bessel ian N e w  Year: J . D .  2439491.541 ( Jan .  1 . 0 4 1 ,  1967) 

GMHA = 260O.62046, GTHA = 260O.6196 at alignment epoch 

True Eqnx 

True Y 

True P o l e  

Nutat ion Matr ix  

Mean Eqnx Mean Y Mean Pole 

Precess ion  Matr ix  

B . N . Y .  

Alignment \ Mean Eqnx Mean Y Mean Pole 



I 
I '  

True Eqnx 

True Y 

True Pole 

BELLCOMM, INC. 

N u t  a t  ion-Prece s s i o n  M a t r i x  

t 

1 . 0  -5.6653-5 -2.4693-5 

t5.6653-5 1 . 0  -3.4203-5 

+2.469E-5 t3.420E-5 1 . 0  

B . N . Y .  
Mean Eqnx Mean Y Mean Pole  Alignment \ 

SMX 

SMY 

SM Z 

t.687603213 -.607567728 +. 397571724 

t.502834886 t.003455737 -.864375584 

t.523792796 , +.794260353 , t .307882421 

Pla t form Alignment M a t r i x  (REPSMAT) 



TO GO FROM P,X,Y TO PT’XT’YT: 

1.  ROTATE P,Y ABOUT X AN ANGLE E . 
2. ROTATE X,Y1 ABOUT C AN ANGLE A ~ . 

C 
POLE OF 

MEAN EQUATOR 
P 

3. ROTATE C,Y, ABOUT XT AN ANGLE ( E + A 6  ) POLE OF 
ECLIPTIC 

PT,XT,Y, POLE, X,Y AXES OF TRUE EQUATOR QT. 
63, NUTATl  ON I N LONG I TUDE 
€ MEAN OBL I QU I TY 
€ + d e  TRUE OBLIQUITY. 
A$ COS E EQUATION OF THE EQUINOXES,(NUTATION I N  RIGHT ASCENSION). 

UNDERLINED QUANTlT l  ES, BASED ON SMALL ANGLE APPROXIMATIONS, 
ARE USED I N  COORDINATE TRANSFORMATIONS. 

FIGURE A - I  AXES DIFFERENCES DUE TO NUTATION 



POLE OF E C L I P T I C  E, AT EPOCH to. 

C POLE OF E C L l  P T l C  E AT EPOCH t. 

Po,Xo,Yo POLE, X,Y AXES OF EQUATOR Qo A T  EPOCH to. 

P, X,Y POLE, AXES OF EQUATOR Q AT EPOCH t. 

O B L I Q U I T Y  OF E C L I P T I C  AT to. 

O B L I Q U I T Y  OF E C L I P T I C  AT t. 

ANGLES WHICH D E F I N E  PRECESSION. 

E O  

E 

to, 0 , z  

F I G U R E  A-2 PRECESSION POLAR DIAGRAM AFTER SUPPLEMENT TO 
AMERICAN EPHEMERIS AND N A U T I C A L  ALMANAC 



EQUATOR AT To 

EQUINOX AT To 

(PLANES INTERSECT AT M, 
AXIS OF EQUATOR ROTATION) 

EQUATOR AT T 

T-To= 1 YEAR 

E =  

P =  

m =  

n =  

co = 

z =  

OBLIQUITY OF THE ECLIPTIC 

LUNI-SOLAR PRECESSION ON THE ECLIPTIC (BOTH *,*'USED IN [I I 3 ) 

PLANETARY PRECESSION ON THE EQUATOR 

GENERAL PRECESSION IN LONGITUDE = Y'-A'COS€' 

GENERAL PRECESSION IN RIGHT ASCENSION = Y'COS€,- A' 

GENERAL PRECESSION IN DECLINATION = 8 =  Y'SIN El  

90' - X,M 

X M  - 900 

FIGURE A-3 GENERAL PRECESSION - EQUATORIAL DIAGRAM 



TO 

S E R V I C E  M O D U L E  

+Y 

OF N O Z Z L E  

FIGURE A-% REAR VIEW OF SERVICE MODULE SHOWING EFFECTS OF GIMBAL ANGLES CGY AND CGZ 

= - X S M  ' S C D  

-V 

l z S M  = ' S C D  
(IN O R B I T  P L A N E )  

T O  C E N T E R  OF E A R T H  

FIGURE A-5 VECTOR DIAGRAM AT RETROFIRE I G N I T I O N  ( I N  PLANE OF O R B I T )  
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Accelerometer  Output Q u a n t i z a t i o n  E f f e c t s  

T h i s  appendix  c o n t a i n s  an a n a l y s i s  o f  t h e  e f f e c t s  of 
t h e  q u a n t i z a t i o n  of  t h e  o u t p u t s  of  t h e  a c c e l e r o m e t e r s  i n  t h e  
I n e r t i a l  Measuring U n i t .  The a c c e l e r o m e t e r s  are c a l l e d  Pu l se  
I n t e g r a t i n g  Pendulous Acce lerometers ;  t h e y  o u t p u t  a p u l s e  t o  
t h e  guidance  computer e a c h  t i m e  t he  s e n s e d  v e l o c i t y ,  a l o n g  t h e  
a c c e l e r o m e t e r  a x i s  changes by 5 .85  cm/sec (0.192 f p s ) .  

adap ted  t o  t h e  p r e s e n t  c a s e .  
The a n a l y s i s  i s  t a k e n  from r e f e r e n c e  1 9 ,  bu t  i s  

Accelerometer  Model 

A t  a s e t  o f  d i s c r e t e  t i m e  i n s t a n t s ,  { t j )  
j = O , l , - . . , n ,  v e l o c i t y  measurements V (t 1, i = 1 , 2 , 3  a r e  made 
b y  t h ree  i n t e g r a t i n g  a c c e l e r o m e t e r s  mounted o r t h o g o n a l l y  on an  
i n e r t i a l  p l a t f o r m  

i j  

Here 

l o  

r e p r e s e n t s  t h e  v e c t o r  

" 

of a c c e l e r o m e t e r  r e a d i n g s .  

( b )  a (t) r e p r e s e n t s  t h e  magnitude o f  t h e  aerodynamic 
a c c e l e r a t i o n .  

T 
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- 
( c )  E ( t )  i s  t h e  d i r e c t i o n  c o s i n e  v e c t o r  of  t h e  aerodynamic 

a c c e l e r a t i o n  v e c t o r  i n  p l a t f o r m  c o o r d i n a t e s .  

(d) x ( t )  r e p r e s e n t s  t h e  v e c t o r  of e r r o r s  i n t r o d u c e d  b y  
q u a n t i z a t i o n .  

For  t h e  purpose  of  t h i s  a n a l y s i s  i t  w i l l  be assumed 
t h a t  t h e  aerodynamic a c c e l e r a t i o n  i s  such  as t o  cause  t h e  v e l o -  
c i t i e s  i n  a l l  t h r e e  p l a t f o r m  c o o r d i n a t e s  t o  be mono ton ica l ly  
i n c r e a s i n g  f u n c t i o n s  o f  t i m e .  With t h i s  assumpt ion  t h e  a c c e l e r -  
ometer  r e a d i n g s  w i l l  b e  lower t h a n  t h e  t r u e  v a l u e s .  Each 
component o f  t h e  q u a n t i z a t i o n  n o i s e  t h u s  has t h e  p r o b a b i l i t y  
d e n s i t y  f u n c t i o n  

- -b < s i ( t j )  < 0 

0 elsewhere 

where b = . 192  f t / s e c  ( .0585 m e t e r s / s e c )  i s  t h e  v a l u e  o f  t h e  
l e a s t  s i g n i f i c a n t  b i t  i n  each  a c c e l e r o m e t e r  r e g i s t e r .  

Thus t h e  mean o f  t h e  q u a n t i z a t i o n  n o i s e  i s  

( 3 )  

and t h e  v a r i a n c e  about  t h e  mean i s  

( 5 )  
E ( l d i ( t )  + :I2} = b 2  12 f t  2 / s e c 2  = .00307 f t  2 / s e c  2 

The n o i s e  i s  a l s o  assumed t o  be u n c o r r e l a t e d ,  i . e . ,  
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Noise Response o f  t h e  Naviga t ion  Equa t ions  ( ' 'Average G E q u a t i o n s " )  

The s p a c e c r a f t  n a v i g a t i o n  e q u a t i o n s  are 

where 

AT i s  t h e  change i n  v e l o c i t y ,  due t o  l i f t  and drag as 
measured by t h e  a c c e l e r o m e t e r s  , 

a 

En i s  t h e  es t imate  o f  t h e p s i t i o n  v e c t o r  at  t i m e  t 

vn i s  t h e  es t imate  o f  t h e  v e l o c i t y  v e c t o r  a t  t i m e  t n ,  

En i s  the  g r a v i t a t i o n a l  a c c e l e r a t i o n  v e c t o r .  

n y  

To s i m p l i f y  t h e  a n a l y s i s  o f  these  e q u a t i o n s  t h e  one 
d i m e n s i o n a l  problem w i l l  be c o n s i d e r e d  and t h e  model used for 
g r a v i t y  w i l l  be 

2 
Gn = -p/Rn 

Equa t ions  ( 6 )  r e p r e s e n t  a set  o f  n o n l i n e a r ,  coup led ,  
d i f f e r e n c e  e q u a t i o n s  f o r  t h e  n a v i g a t i o n  p o s i t i o n  and v e l o c i t y  
( t h e  n o n l i n e a r i t y  b e i n g  d u e t o  t h e  g r a v i t y  t e rm) .  I n  o r d e r  t o  
d e t e r m i n e  t h e  s t a t i s t i c s - o f  t h e  e r r o r s  r e s u l t i n g  from n o i s y  
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measurements ( A V a ) ,  t h e  g r a v i t y  e q u a t i o n  ( 6 c )  w i l l  be  l i n e a r i z e d  
about  a nominal  v a l u e .  The p o s i t i o n  e q u a t i o n  ( 6 a )  w i l l  t h e n  be 
uncoupled from ( 6 b )  i n  such  a way as t o  y i e l d  a second o r d e r  
d i f f e r e n c e  e q u a t i o n  f o r  t h e  n o i s e  i n  p o s i t i o n .  T h i s  d i f f e r e n c e  
e q u a t i o n  w i l l  t h e n  be s o l v e d  t o  y i e l d  a w e i g h t i n g  sequence ( i m -  
p u l s e  r e s p o n s e )  which w i l l  be used  t o  d e t e r m i n e  t h e  s t a t i s t i c s  
of  t h e  r e s u l t i n g  n o i s e .  The w e i g h t i n g  sequence i s  t h e n  used t o  
de t e rmine  t h e  s t a t i s t i c s  of t h e  n a v i g a t i o n  v e l o c i t y  e r r o r s  
caused  by  t h e  c o u p l i n g  through t h e  g r a v i t y  te rms .  The e r r o r  
s t a t i s t i c s  w i l l  now be d e r i v e d .  

Taking t h e  v e l o c i t y  e q u a t i o n  ou t  o f  r e c u r s i v e  form and 
u s i n g  t h e  f a c t  t h a t  V a ( 0 )  = 0 and AVa(n) = Va(n)  - Va(n- l )  
y i e l d s  

n 
= Vo + Va(n) + 7 1 ATCGo-Gnl  + AT 

G i  ( 7 )  'n 
i=l 

Taking t h e  p o s i t i o n  e q u a t i o n  o u t  of  r e c u r s i v e  form and i n s e r t i n g  
( 7 )  f o r  t h e  n a v i g a t i o n  v e l o c i t y  y i e l d s  

1 3 
= R~ + ( n - l j  A T [ V ~  - va(o i  + 5 ( n - l j  AT' G + 

Rn 0 

Using 

n-1 i n-1 

C C Gj j 
= 1 (n- i )G 

i=l i=l j=1 

and 
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y i e l d s  

1 2 AT Rn = R1 + (n-1)AT Vo + (n-1)AT Go + 2 [Va(n> - V a ( l ) ]  

n-1 n-1 
+ AT V a ( i )  + AT2 1 (n-i)Gi 

i=1 i=1 

Now assuming t h a t  R o ,  Vo, Go are n o i s e  f r e e  t h e  f o l l o w i n g  equa- 
t i o n  f o r  t h e  d e v i a t i o n  i n  p o s i t i o n  due t o  n o i s e  r e s u l t s :  

n-1 

i=l 

n-1 
+ AT2 1 ( n - i )  6Gi  + 6R1 

i=l 

I n  o r d e r  t o  de te rmine  t h e  d e v i a t i o n  i n  g r a v i t a t i o n a l  
a c c e l e r a t i o n  due t o  a change i n  p o s i t i o n  t h e  f o l l o w i n g  i s  - 
c o n s i d e r e d  

Using 2 32 and R 2 2 x l o 7  f t  y i e l d s  
R 

Forming 6Rn+1 - 6Rn y i e l d s  
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Taking t h e  f i rs t  d i f f e r e n c e  o f  t h e  above .  e q u a t i o n  y i e l d s  

Equa t ion  ( 9 )  i s  a l i n e a r ,  c o n s t a n t  c o e f f i c i e n t ,  second o r d e r  
d i f f e r e n c e  e q u a t i o n  f o r  t h e  p o s i t i o n  n o i s e  f o r c e d  by t h e  n o i s e  
i n  t h e  a c c e l e r o m e t e r  r e a d i n g s .  

The c h a r a c t e r i s t i c  r o o t s  of  t h i s  e q u a t i o n  are ( u s i n g  
AT = 2 and k = 32 x 

z1 = 1.0036 

z = .9964 2 

Taking  t h e  z t r a n s f o r m  o f  e q u a t i o n  ( 9 )  y i e l d s  t h e  
t r a n s f e r  f u n c t i o n  

AT 3 L ( z2 -1 )  
H ( z j  = (z-zl) ( 2-z2 )  

1 1 

The i n v e r s e  t r a n s f o r m  of  ( 1 0 )  y i e l d s  t h e  we igh t ing  
sequence  

h ( k )  = i' k = o  
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Equat ion  (11) i s  t h e  desired r e s u l t ,  which g i v e s  t h e  
n o i s e  i n  p o s i t i o n  as a l i n e a r  combina t ion  o f  t h e  n o i s e  i n  t h e  
a c c e l e r o m e t e r  measurements 

Rn = f h ( n - i ) 6 V a ( i )  
i=1 

expe t a t i  
To de te rmine  t h e  mean o f  t h e  e r r o r  i n  p o s i t i o n  t h e  
n o f  ( 1 2 )  i s  t a k e n  

T h i s  u s e s  t h e  f a c t  t h a t  t h e  mean of t h e  a c c e l e r o m e t e r  n o i s e  i s  
t i m e  i n v a r i a n t .  
n o i s e  r e s u l t s  i n  

Using E{6Va)  as t h e  mean o f  t h e  q u a n t i z a t i o n  

n-1 
E{6Rri)  = - 0.096 hCi! 

Ld 

j = o  

S i n c e  C h ( j )  i s  a power s e r i e s  t h e  summation can be  o b t a i n e d  i n  
c l o s e d  form t o  y i e l d  

n-1 

1 2 1 - z  
z1 - z1 + 

1 - z  E { 6 R n }  = - 0.096 
[l + 

Now u s i n g  AT = 2 seconds ,  n = 320 ( i . e . ,  nAT 2 640  s e c ,  t h e  
approx ima te  t i m e  t h e  s p a c e c r a f t  i s  i n  t h e  a tmosphere)  t h e  
f o l l o w i n g  r e s u l t  i s  o b t a i n e d  

E { 6 R 3 2 0 )  = - 7 5 . 4  f t .  

I 



BELLCOMM, INC. - 8 -  

Appendix B 

It s h o u l d  be n o t e d  t h a t  i f  t h e  change  i n  t h e  g r a v i t a -  
t a t i o n a l  a c c e l e r a t i o n ,  r e s u l t i n g  from n o i s e  i n  p o s i t i o n ,  i s  
i g n o r e d  t h e  r e s u l t i n g  mean o f  t h e  p o s i t i o n  n o i s e  would b e  

= ( n  - ?)AT 1 E{6Va)  
6G=0 

- -  - 4 7 . 1  f t .  
E{6R320’ I 

6G=0 

Thus 37.5% o f  t h e  t o t a l  p o s i t i o n  e r r o r  i s  c o n t r i b u t e d  
by t h e  g r a v i t a t i o n a l  terms. It i s  n o t e d  t h a t  t h e  mean o f  t h e  
p o s i t i o n  n o i s e  can  be r e d u c e d  to z e r o ,  i f  d e s i r e d ,  by i n i t i a l i z -  
i n g  Va(0)  = - - r a the r  t h a n  z e r o  ( i n  t h e  p r o c e s s i n g ) .  2 

S i n c e  t h e  i n p u t  i s  u n c o r r e l a t e d  n o i s e ,  w i t h  v a r i a n c e  
a b o u t  t h e  mean g i v e n  by e q u a t i o n  ( 5 ) ,  t h e  s t a n d a r d  d e v i a t i o n  o f  
t h e  n o i s e  i n  p o s i t i o n ,  a b o u t  i t s  mean, i s  

where uin = - - - 0.0554 f t / s e c .  
m 

Using h ( k )  as g i v e n  b y  (11) y i e l d s  

2 ( 1 . 0 0 3 6 )  2(n-1)  - ( - 9 9 6 4 )  2 (n-1) 
.0036 

n-1 
h ( k )  = (F)2 111-1 + 

k=O 
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For AT = 2 ,  n = 320 t h e  r e su l t  i s  

319 1 h ( k )  = 3361 sec2 = 57.98 sec 
k=O 

2 2 2 

Thus 

0 = 57.98 uin 
6R320 

For q u a n t i z a t i o n  uin = 0 .0554  f t / s e c  and u 

t h e  mean. 

= 3 . 2 1  f t .  about  
6R320 

The c o n c l u s i o n  of  t h i s  a n a l y s i s  o f  p o s i t i o n  e r r o r s  i s  
t h a t  t h e  o u t p u t  o f  t h e  p o s i t i o n  e q u a t i o n  i s  biased by -75.4 f t  
and has  a s t a n d a r d  d e v i a t i o n  about  t h i s  bias o f  3 .21  f t .  The 
r e s u l t s  o f  a s i m u l a t i o n  ag ree  (67 f t  e r r o r  i n  r ad ia l  component 
o f  p o s i t i o n )  w i t h  t h e  r e s u l t s  o f  t h e  above a n a l y s i s .  It shou ld  
a l s o  be n o t e d  t h a t  t h e  a n a l y s i s  r e v e a l s  t h a t  v e r y  l i t t l e  f l u c t u -  
a t i o n  about  t h e  mean i s  t o  b e  expec ted  and o n l y  one computer run  
need be made t o  Cletermine t h e  e f f e c t  o f  quantizaticn e:: pcsitic:: 
e r r o r s .  

I n  p a s s i n g ,  i t  i s  u s e f u l  t o  n o t e  t h a t  t h e  ave rage  g 
e q u a t i o n s  do an  e n t i r e l y  adequate  j o b  d u r i n g  e n t r y .  With p e r f e c t  
a c c e l e r o m e t e r s  (no  t r u n c a t i o n  e f f e c t s )  t h e  es t imated p o s i t i o n  and 
a c t u a l  p o s i t i o n  d i f f e r  by about 1 0 0  f t  a t  t h e  end of  e n t r y ,  while 
t h e  v e l o c i t y  e r r o r  i s  about  0 .27  f p s .  With a c c e l e r o m e t e r  o u t p u t  
t r u n c a t i o n ,  t h e  e r r o r  i s  about 220  f t  and t h e  v e l o c i t y  e r r o r  i s  
0 .30  f p s .  

The we igh t ing  sequence obtained.  for t h e  p o s i t i o n  e r r o r  
w i l l  be ve ry  u s e f u l  i n  de t e rmin ing  t h e  e f f e c t  o f  q u a n t i z a t i o n  on 
v e l o c i t y  e r r o r s  s i n c e  p o s i t i o n  i s  coupled  t o  t h e  v e l o c i t y  naviga-  
t i o n  v i a  t h e  g r a v i t y  t e r m .  It w i l l  now be  shown t h a t  t h e  e r r o r s  
i n  v e l o c i t y  estimates caused by q u a n t i z a t i o n  w i l l  have t h e  f o l -  
lowing  p r o p e r t i e s .  
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( a )  Accumulat-d g r a v i t y  e r r o r s  r e p r e s e n t  4 
t h e  v e l o c i t y  estimate.  

% of t h e  b ias  i n  

( b )  The v a r i a n c e  about  t h i s  bias  i s  e s s e n t i a l l y  due t o  t h e  
most r e c e n t  a c c e l e r o m e t e r  measurement.  

The d e v i a t i o n  of t h e  v e l o c i t y  estimate o b t a i n e d  from ( 7 )  
can  be w r i t t e n  (assuming R Vo and Go n o i s e  f ree . )  

0’ 

Using 6Gi = k 6 R i ,  E ( 6 V a }  = - - and t a k i n g  t h e  e x p e c t a t i o n  o f  t h e  
above e q u a t i o n  y i e l d s  

2 

Using e q u a t i o n  (13) and per forming  t h e  summation y i e l d s  

E ( 6 V  1 = - - [l t 0 .7221  = - 0.165 f t / s e c  n 2 

The 1 i n  t h e  s q u a r e  bracket i s  due t o  t h e  mean o f  t h e  n o i s e  i n  
t h e  most r e c e n t  a c c e l e r o m e t e r  measurement and t h e  0 . 7 2 2  term 
i s  due t o  t he  accumula ted  g r a v i t y  e r r o r .  Again t h i s  mean can 
be e l i m i n a t e d ,  i f  des i r ed  by  u s i n g  V a ( 0 )  = - i n  t h e  p r o c e s s i n g .  2 

By fo rma l  m a n i p u l a t i o n  of  ( 1 4 )  it can  be shown t h a t  
t h e  v a r i a n c e  of t h e  v e l o c i t y  e r r o r  abou t  i t s  mean i s  g iven  by 

h ( i - t ) h ( j - t )  3 n-1 n-1 m i n ( i , j )  

i=1 j=1 R= 1 
+ AT2k2 1 1 1 (T 
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Since  

320 + 13 = 4.158 AT 0 < h ( j )  < - c(l.0036) 2 

t h e  t r i p l e  summation can be bounded 

< AT2k2 (4 .158)2  ( n - l l 3  = 0.023 . 

Thus 

< ( J  < - b (1.023) = 0.0560 f t / s e c  . b - -  f t  0.0554 - - 
m &'320 

The e r r o r  i n  v e l o c i t y  due t o  q u a n t i z a t i o n  wa.s fni-ind t.0 
be 0.19 f t / s e c  from s i m u l a t i o n .  T h i s  f i g u r e  agrees s u f f i c i e n t l y  
w e l l  w i t h  t h e  r e s u l t s  of  t h e  a n a l y s i s .  

It has been shown tha t  t h e  p o s i t i o n  and v e l o c i t y  nav i -  
g a t i o n  e q u a t i o n s  are b iased  low because  o f  q u a n t i z a t i o n  and t h a t  
t h e  v a r i a n c e  about  t h e  v e l o c i t y  bias i s  e s s e n t i a l l y  due t o  t h e  
most r e c e n t  a c c e l e r o m e t e r  measurement. It has also been shown 
t h a t  i n  e v a l u a t i n g  t h e  performance of  t h e  n a v i g a t i o n  e q u a t i o n s  
t h e  c o u p l i n g  of e r r o r s  through t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  
s h o u l d  n o t  be i g n o r e d .  Although t h e  magnitude o f  t h e  e r r o r s  
c a l c u l a t e d  here may no t  be s i g n i f i c a n t  compared t o  o t h e r  e r r o r  
s o u r c e s  i n  t h e  system, t h e  model developed has p rov ided  u s e f u l  
i n f o r m a t i o n .  
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and requi rements  are p e r t i n e n t .  

SE 010-000-1, September 1 0 ,  1965)  s t a t e s  t h a t  mission AS-204 
primary o b j e c t i v e s  inc lude  v e r i f i c a t i o n  o f :  t h e  o p e r a t i o n  o f  t h e  
CM hea t  s h i e l d  (adequacy f o r  e n t r y  from low e a r t h  o r b i t ) ,  and t h e  
G & N  s y s t e m .  

I n s o f a r  as e n t r y  i s  concerned, t h e  fo l lowing  d i r e c t i v e s  

"Apollo F l i g h t  Mission Assignments" (M-Q MA 500-11,  

"Apollo Program S p e c i f i c a t i o n "  (SE O O 5 - O O l - l ,  Revis ion 
A ,  March 1, 1 9 6 6 )  s t a t e s  requirements  as fo l lows :  ( a l s o  see 
l a t e r )  

3 . 5 . 1 . 2 2  Entry The CM sha l l  be capable  of c o n t r o l l e d  f l i g h t  
through t h e  ea r th ' s  atmosphere t o  any p r e s e l e c t e d  impact p o i n t  
having a ground range between 1 5 0 0  NM and 2500 NM from t h e  e n t r y  
po in t  (de f ined  as t h e  po in t  a t  which t h e  v e h i c l e  f i r s t  descends 
through t h e  400,000 f e e t  a l t i t u d e  l e v e l ) .  Add i t iona l ly ,  t h e  CM 
sha l l  be capable  of safe f l i g h t  t o  a l l  extended ranges between 
2500 NM and 3500 NM. Both of t h e s e  sha l l  be p o s s i b l e  without  
exceeding a 1 0  g d e c e l e r a t i o n  f o r  i n e r t i a l  v e l o c i t i e s  up t o  
36,500 f p s  and e q u a t o r i a l  i n c l i n a t i o n s  between +goo.  The des ign  
l i m i t  e n t r y  load  f o r  a l l  CM systems sha l l  be a 2 0  g d e c e l e r a t i o n .  

3 .5 .1 .23 Aerodynamic C h a r a c t e r i s t i c s  The CM s h a l l  ha.ve an o f f -  
se t  c e n t e r  of g r a v i t y  ( c g )  which w i l l  produce a l i f t - t o - d r a g  
r a t i o  of 0 .34  + 0.04 a t  Mach 6 .  The d i r e c t i o n  of  t h e  l i f t  v e c t o r  
s h a l l  be c o n t r s l l a b l e  through t h e  use o f  t h e  a t t i t u d e  c o n t r o l  sub- 
system. * 
3 . 5 . 2 . 5 . 2  Accuracy .... The P r i m a r y  Navigat ion Guidance and 
Cont ro l  System s h a l l  be capable of gu id ing  t h e  CM du r ing  e n t r y  t o  
t h e  p r e s e l e c t e d  po in t  of parachute  deployment wi th in  a 1 0  NM CEP. 

"AS-204/205 Appendix t o  t h e  Apollo Program S p e c i f i c a -  
t i o n "  (March 1966)  s t a t e s  as fo l lows :  

1 . 0  Scope ... These requirements  are p resen ted  i n  t h i s  Appendix 
as d e v i a t i o n s  t o  t h e  requirements  s p e c i f i e d  f o r  equipment f o r  
t h e  l u n a r  l and ing  miss ion . . .  Unless o therwise  noted ,  t h e  para-  
graphs i n  t h i s  Appendix r e p l a c e  i n  t h e i r  e n t i r e t y  t h e  i d e n t i c a l l y  
numbered paragraphs i n  t h e  body of t h e  s p e c i f i c a t i o n .  

*Revised by MSC ASP0 t o  be 0 .28 ,  t 0 . 0 4 ,  - 0 . 0 0  f o r  AS-204 
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3 . 5 . 1 . 2 2  The CM s h a l l  be  capab le  o f  c o n t r o l l e d  f l i g h t  t h rough  
t h e  e a r t h ' s  atmosphere t o  a p r e s e l e c t e d  water l a n d i n g  a res .  
s h a l l  b e  p o s s i b l e  wi thou t  exceeding  a 1 0  g d e c e l e r a t i o n  for a n  
E a r t h  o r b i t a l  e n t r y .  
s y s t e m s  shall be 20  g d e c e l e r a t i o n .  

T h i s  

The d e s i g n  l i m i t  e n t r y  l o a d  f o r  a l l  CM 

3 . 5 . 1 . 2 3  Aerodynamic C h a r a c t e r i s t i c s  No Change. 

3 . 5 . 2 . 5 . 2  Accuracy The n a v i g a t i o n ,  gu idance  and c o n t r o l  s y s t e m  
s h a l l  be  capab le  of g u i d i n g  t h e  CM d u r i n g  e n t r y  t o  t h e  s e l e c t e d  
p o i n t  o f  p a r a c h u t e  deployment w i t h i n  a 1 0  NM CEP. 
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The t r a j e c t o r i e s  d i s c u s s e d  i n  t h i s  r e p o r t  were computed 
u s i n g  two computer programs c a l l e d  "Monte C a r l o  Ent ry"  (MCE) and 
Bellcomm Apollo S imula t ion  Program (BCMASP). F e a t u r e s  of  these 
programs a r e  d i s c u s s e d  i n  t h i s  s e c t i o n .  

MCE i s  a program developed by W .  G .  Hef f ron  and J. E .  
Holcomb o f  Bellcomm, and improved by Mrs. S .  B.  Watson. 
It i s  l a r g e l y  i n  FORTRAN. I n t e g r a t i o n  i s  accomplished u s i n g  t h e  
Adams-Bashforth f o u r  p o i n t  p r e d i c t o r  e q u a t i o n  w i t h  " p r e c i s i o n -  
and-a-half" ,  w i t h  Runge-Kutta e q u a t i o n s  t o  s ta r t  t h e  p r o c e s s .  
MCE programming i n c l u d e s  t h e  e f f e c t s  o f - u p  t o  1 0 6  changes i n  
nominal data,  e . g . ,  p o s i t i o n ,  v e l o c i t y ,  and a t t i t u d e  r e a d o u t  
u n c e r t a i n t i e s ,  d e v i a t i o n s  and/or p e r t u r b a t i o n s  from nominal v a l u e s  
( c o r r e l a t e d  o r  u n c o r r e l a t e d ) ,  a tmospher ic  d e n s i t y  changes ,  v e h i c l e  
mass change,  I n e r t i a l  Measuring Uni t  ( I M U )  e r r o r s ,  e t c .  It has 
th ree  modes o f  o p e r a t i o n  c a l l e d  Monte C a r l o ,  S e n s i t i v i t y  Matr ix  
and S i n g l e  Run. I n  a Monte Car lo  r u n ,  e r r o r  s o u r c e s  a r e  assumed 
t o  be normal ly  d i s t r i b u t e d ,  1 sigma v a l u e s  are i n p u t ,  random 
v a l u e s  are computed based on t h e  i n p u t ,  and a t r a j e c t o r y  computed. 
T h i s  i s  r e p e a t e d  as o f t e n  as r e q u e s t e d ;  mean v a l u e  and s t a n d a r d  
d e v i a t i o n s  ( f o r  some 78 q u a n t i t i e s )  are computed a t  s e l e c t e d  t r a -  
j e c t o r y  e v e n t s  o r  t i m e s ,  as  r e q u e s t e d .  I n  a S e n s i t i v i t y  Matr ix  
r u n ,  a no -e r ro r  t r a j e c t o r y  i s  r u n  f i r s t ,  fo l lowed by s i n g l e  e r r o r  
s o u r c e  t r a j e c t o r i e s  f o r  each non-zero e r r o r  sou rce  i n p u t .  The 
d i f f e r e n c e  between t h e  no -e r ro r  t r a j e c t o r y  and,  s a y ,  t h e  t r a j e c -  
t o r y  i n  which X gyro  b ias  d r i f t  i s  non-zero i s  t h u s  due t o  t h e  
non-zero X gy ro  b i a s  d r i f t  and shows t h e  s e n s i t i v i t y  o f  t he  
t r a j e c t o r y  t o  t h a t  e r r o r  sou rce .  An assumption o f  l i n e a r i t y  i n  
t h e  s e n s i t i v i t y  i s  i m p l i e d  (which t u r n s  out  t o  be a p p r o p r i a t e  f o r  
t h e  e n t r y  t r a j e c t o r y ) .  From t h e  s e n s i t i v i t y  m a t r i x  and knowledge 
o f  t h e  s t a n d a r d  d e v i a t i o n s  of  t h e  e r r o r  s o u r c e s ,  t h e  program de- 
v e l o p s  c o v a r i a n c e  m a t r i c e s  a t  s e l e c t e d  t r a j e c t o r y  e v e n t s  o r  times 
by m a t r i x  methods.  

I n  t h e  S i n g l e  Run mode of  o p e r a t i o n ,  t h e  e r r o r  s o u r c e s  
are i n c o r p o r a t e d  a t  t h e  v a l u e s  i n p u t  and a s i n g l e  t r a j e c t o r y  
computed. 

The MCE program, i n  a d d i t i o n  t o  normal l i s t i n g s  of t ra -  
j e c t o r y  r e s u l t s ,  a l s o  c r e a t e s  a b i n a r y  t a p e  o f  data .  A program 
c a l l e d  PLOTAP, developed by Mrs. S .  B.  Watson w i t h  t h e  a s s i s t a n c e  
of M r .  J .  E.  Holcomb, u s e s  t h e s e  data t o  c r e a t e  t h e  p l o t s  shown 
i n  t h i s  r e p o r t .  
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I n  c a l c u l a t i n g  a t r a j e c t o r y ,  MCE per forms t h e  f o l l o w i n g  
computa t ions .  It d e t e r m i n e s  t h e  CM a t t i t u d e  f o r  aerodynamic t r i m  
w i t h  t h e  roll a n g l e  c o n t r o l l e d  and computes t h e  l i f t  and drag 
f o r c e s  and o r i e n t a t i o n  ( r e e n t r y  s t a n d a r d  atmosphere i s  used  [ g ] ;  
t r i m  l i f t  and drag c o e f f i c i e n t s  and t r i m  a n g l e  of  a t t a c h  come from 
t a b l e s ) .  I M U  d r i f t  r a t e s  and a c c e l e r o m e t e r  r e a d i n g s  are t h e n  com- 
p u t e d .  G r a v i t y  f o r c e s  are  computed f o r  a n  o b l a t e  ea r th .  Every 
two seconds  t h e  e n t r y  guidance computa t ions  are  performed ( i n c l u d -  
i n g  t h e  a v e r a g e  g n a v i g a t i o n  a l g o r i t h m )  r e s u l t i n g  i n  a roll com- 
mand (roll about  t h e  r e l a t i v e  v e l o c i t y  v e c t o r ) .  Requi red  g imbal  
a n g l e s  are computed and a "bang-bang" minimum time w i t h  l i m i t e d  
r a t e  and a c c e l e r a t i o n  a u t o p i l o t  i s  s i m u l a t e d  which p roduces  a t ime 
h i s t o r y  t a b l e  o f  roll gimbal  a n g l e s .  The v a r i a b l e s  a re  t h e n  i n t e -  
g ra ted  and t h e  program r e t u r n s  t o  t h e  a t t i t u d e  computa t ion  r o u t i n e .  
A B e s s e l i a n  New Year ( 1 9 6 7 )  mean equinox and e q u a t o r  c o o r d i n a t e  
sys tem i s  used ,  excep t  t h a t  p l a t f o r m  computa t ions  a r e  made i n  p l a t -  
form a x e s .  One e n t r y  t r a j e c t o r y ,  which r e q u i r e s  some 840 seconds  
f l i g h t  t i m e ,  t a k e s 2 . O  minutes  on t h e  IBM 7044  computer u s i n g  1 
second t i m e  s teps  f o r  a l l  computa t ions  e x c e p t  t h e  gu idance  r o u t i n e ,  
or 1 . 2  minu te s  u s i n g  2 second t i m e  s t e p s .  

The BCMASP program was developed  by B e l l  Telephone Labo- 
r a t o r i e s  f o r  Bellcomm and modif ied f o r  t h e  p r e s e n t  s t u d y  by M r .  I. 
Bogner w i t h  t h e  a s s i s t a n c e  of Mrs. S.  B .  Watson. BCMASP i s  l a r g e l y  
i n  FORTRAN and u s e s  f o u r  p o i n t  Runge-Kutta e q u a t i o n s  f o r  i n t e g r a -  
t i o n .  It i n c l u d e s  t h e  J P L  ephemer i s  f o r  sun and moon, t h e  e f f e c t s  
o f  ea r th  o b l a t e n e s s ,  and t h e  1962 s t a n d a r d  a tmosphere .  (BCMASPhas 
been f u r n i s h e d  t o  MSC and MSFC a t  t h e  p r e s e n t  t i m e ) .  

For  pu rposes  o f  t h i s  s t u d y ,  BCMASP has two b a s i c  modes 
o f  o p e r a t i o n  - S i n g l e  Run (as i n  M C E )  and P e r t u r b .  P e r t u r b  mode 
i s  similar t o  t h e  S e n s i t i v i t y  Mat r ix  mode i n  MCE, one e r r o r  s o u r c e  
b e i n g  i n s e r t e d  a t  a t i m e  and t r a j e c t o r y  d i f f e r e n c e s  b e i n g  l i s t e d .  
BCMASP i n c l u d e s  t h e  s i m u l a t i o n  o f  an  I n e r t i a l  Measuring Unit  hav- 
i n g  t h e  s t a n d a r d  e r r o r  s o u r c e s .  

I n  c a l c u l a t i n g  a t r a j e c t o r y  w i t h  BCMASP t h e  roll a t t i -  
t u d e  i s  computed u s i n g  a s i m p l i f i e d  r a t e  l i m i t i n g  a u t o p i l o t ,  w i t h  
p i t c h  and yaw assumed t o  be  i n  aerodynamic t r i m .  L i f t  and d r a g  
are computed u s i n g  t a b u l a t e d  l i f t  and d r a g  c o e f f i c i e n t s  and 
r e s o l v e d  a l o n g  aerodynamic t r i m  a x e s .  I M U  d r i f t  r a t e s  and a c c e l -  
e r o m e t e r  r e a d i n g s  are  c a l c u l a t e d .  G r a v i t y  f o r c e s  a r e  computed 
f o r  a n  o b l a t e  ea r th .  (Sun and moon e f f e c t s  can  be i n c l u d e d . )  
The e n t r y  gu idance  computat ions are e n t e r e d  eve ry  two seconds  
( i n c l u d i n g  t h e  ave rage  g n a v i g a t i o n  a l g o r i t h m )  p roduc ing  t h e  new 
roll a n g l e  command. V a r i a b l e s  are i n t e g r a t e d  and t h e  program 
r e t u r n s  t o  l ift and drag computa t ions .  I n e r t i a l  a x e s  of  1950 .0  
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( f i r s t  p o i n t  o f  Ar ies )  are  t h e  b a s i c  c o o r d i n a t e  a x e s ,  b u t  i n e r t i a l  
a x e s  o f  da t e  of 1 9 6 7  B e s s e l i a n  N e w  Year, and p l a t f o r m  a x e s  are 
a l s o  used  as a p p r o p r i a t e .  One e n t r y  t r a j e c t o r y  r e q u i r e s  some 1 . 5  
minu tes  on t h e  IBM 7044  u s i n g  2 second t i m e  s t e p s .  

I' 
I 


